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(57) Abstract: A bulk-doped semiconductor tliat 
is at least one of the following: a single crystal, an 
elongated and bulk-<!oped semiconductor that, at 
any point along its longitudinal axis, has a largest 
cross-sectional dimension less than 500 nanometers, 
and a free-standing and bulk-doped semiconductor 
widi at least one portion having a smallest width 
of less than 500 nanometers. Such a semiconductor 
may comprise an interior core comprising a first 
semiconductor, and an exterior shell comprising 
a dififerent material than the first semiconductor. 
Sudi a semiconductor may be elongated and niay 
have, at any point along a longtiudinal section of 
such a semiconductor, a ratio of the length of the 
section to a longest width which is greater than 4:1, 
or gieater than 10:1. or greater than 100:1, or even 
greater than 1000:1. At least one portion of such a 
semiconductor may a smallest width of less than 200 
nanometers, or less than 150 nanometers, or less than 
100 nanometers, or less tlian 80 nanometers, or less than 70 nanometers, or less than 60 nanometers, or less than 40 nanometers, 
or less than 20 nanometers, or less than 10 nanometers, or even less than 5 nanometers. Such a semiconductor may be a single 
crystal and may be firee-standing. Such a semiconductor may be dtfaer lightly n-doped, heavily n-doped, lightly p-doped or heavily 
p-doped Such a semiconductor may be doped during growth. Such a semiconductor may be part of a device, which may include 
any of a variety of devices and combinations thereof, and a variety of assembling techniques may be used to fabricate devices 
fiom such a semiconductor. IWo or more of such a semiconductors, including an array of such semiconductors, may be combined 
to form devices, for example, to form a crossed p-n junction of a device. Such devices at certain sizes may exhibit quantum 
confinement and other quantum phenomena, and the wavelength of light emitted from one or more of such semiconductors may 
be controlled by selecting a width of such semiconducton. Such semiconductors and device made therefrom may be used for a 
variety of applications. 
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DOPED ELONGATED SEMICONDUCTORS, GROWING SUCH 
SEMICONDUCTORS, DEVICES INCLUDING SUCH SEMICONDUCTORS 
AND FABRICATING SUCH DEVICES 

3 RELATED APPLICATIONS 

This applicatfon claims priori^ under 35 U.S.C. §11 9(e) to cominonly<K)waed, co- 
pendioig U.S. Provisional Patent Application Serial No. 60/226,835, entitled, 
"Semiconductor Nanowires", filed August 22, 2000; Serial No. 60^92,121, entitled, 
- 10 "Semiconductor Nanowires", filed May 1 8, 2001; Serial No. 60/254,745, entitled, 

"Nanowire andNanotube Nanosensors," filed December 11, 2000; Serial No. 60/292,035, 
entitled "Nanowire and Nanotube Nanosensors," filed May 1 8, 2001 ; Serial No. 
60/292,045, entitled "Nano-wke Electronic Devices Including Memory and Switching 
Devices," filed May 18, 2001; and Serial No. 60/29l,%96, entitled "Nanowiie Devices 
15 Including Emissive Elements and Sensors," filed May 1 8, 200 1 , each of which is hereby 
incorporated by reference in its entiret}^. 

FIELD OF THE INVENTION 

The present invention relates generaUy to siib-nucrodectronic seniiconductor 
20 devices, and more particularly to nanometer-scale semiconductor articles, for example, 
nanowires, doped to provide n-type and p-type conductivity, tiie growth of such articles, 
and &e airangement of such articles to £ifaiicate devices. 

BACKGROUND 

25 Small-scale electronic technology relies to a large extent on doping of various 

materials. Doping of semiconductor materials to form n-type and p-type semiconductor 
regions for making a variety of devices such as field effect transistors, bipolar transistors, 
complementary mverters, tunnel diodes, and the like are well known. 

Typical state-of-the-art sercnconductor febrication facilities involve relatively high 

30 cost, and require a clean room and ihe use of toxic chemicals such as hydrogen fluoride. 
While semiconductor and microfabricatLon technology is well*developed, tiiere is a 
continuing need for improvements, preferably iucluding smaller-scale, envnoimientally- 
fiiendly fibrication, at lower cost. 
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SUMMARY 

In an embodiment, provided is a free-standing bulk-doped semiconductor 
comprising at least one portion having a smallest vvidtfa of less than 500 nanometers. 

Jr another aspect of this embodiment, the semiconductor comprises: an interior 
core comprising a first semiconductor, and an exterior shell comprising a different 
material than the first semiconductor. 

In another aspect of this embodiment, the semiconductor is elongated. In various 
optional features of this aspect, at any point along a longitudinal section of the 
semiconductor, a ratio of the length of the section to a longest width is greater than 4:1, or 
greater than 10:1, or greater tiian 100:1, or even greaterthan 1000:1 

In various aspects of this embodiment, at least one portion of the semiconductor 
has a smallest width of less than 200 nanometers, or less than 150 nanometers, or less than 
100 nanometers, or less than 80 nanometers, or less than 70 nanometers, or less than 60 
nanometers, or less than 40 nanometers, or less than 20 nanometers, or less than 10 
nanx)meters, or even less than 5 nanometers. 

In various aspects of this embodiment the semiconductor comprises a 
semiconductor firom a groiq> consisting of: Si, Ge, Sn, Se, Te, B, Diamond, P, B-C, B- 
P(BP6), B-Si, Si-C, Si-Ge, Si-Sn and Ge-Sn, SiC, BN/BP/BAs, AIN/AlP/AlAs/AlSb, 
GaN/GaP/GaAs/GaSb, InN/InP/InAs/InSb, BN/BP/BAs, AIN/AIP/AlAs/AlSb, 
GaN/GaP/GaAs/GaSb, InN/IhP/InAs/InSb, ZnO/ZnS/ZnSe/ZnTe, CdS/CdSe/CdTe, 
HgS/HgSe/HgTe, BeS/BeSe/BeTe/MgS/MgSe, GeS, GeSe, GeTe, SnS, SnSe, SnTe, PbO, 
PbS, PbSe, PbTe, CuF, CuCl, CuBr, Cul, AgF, AgCl, AgBr, Agl, BeSiN2, CaCN2, 
ZnGeP2, CdSnAs2, ZnSnSb:^ CuGeP3, CuSi2P3, (Cu, Ag)(Al, Ga, In, Tl, Fe)(S, Se, 
Te)2, Si3N4, Ge3N4, A1203, (Al, Ga, ha)2(S, Se, Te)3, AI2C0, and an appropriate 
combination of two ore more such semiconductors. 

In various aspects of this embodiment, the semiconductor comprises a dopant firom 
a groiq) consisting of: a p-type dopant firom Group HI of the periodic table; an n-type 
dopant from Group V of the periodic table; a p-type dopant selected from a groiq) 
consisting of: B, Al and In; an n-type dopant selected from a group consisting of: P, As 
and Sb; a p-type dopant firom Group n of the periodic table; a p-type dopant selected from 
a group consisting of: Mg, Zn, CdandHg; ap-type dopant from Group IV of the periodic 
table; a p-type dopant selected from a group consisting of: C and Si; or an 
n-1ype is selected &om a group consistmg of: Si^ Ge, Sn, S, Se and Te. 
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In another aspect of this embodiment, fhe semiconductor is part of a device. 
In another aspect of this embodimmt, the semiconductor is n-doped. In various optional 
features of this aspect, the semiconductor is either lightly n-doped or heavily n-doped. 

In yet another aspect of this embodiment, the semiconductor is p-doped In various 
optional features embodiments of this aspect, the semiconductor is either lightly p-doped 
or heavily p-doped. 

In another aspect of this embodiment, the semiconductor is a single ciystal. 

In additional varioxis aspects of this embodiment, the semiconductor is magnetic; 
the semiconductor comprises a dopant making the semiconductor magnetic the 
semiconductor is ferromagnetic; the semiconductor comprises a dopant that makes the 
semiconductor feiromagnetic; and/or the semiconductor comprises manganese. 

In another embodiment, provided is an elongated and bulk-doped semiconductor 
that, at any point along its longitudinal axis, has a largest cross-sectional dimension less 
than 500 nanometers. 

In an aspect of Ibis embodiment, the semiconductor is free-standing. 

In another aspect of this embodiment, the semiconductor comprises: an interior 
core comprising a first semiconductor, and an exterior shell comprising a different 
material tiian the first semiconductor. 

In various aspects of this embodunent, at any pomt along tiie longitudinal axis of 
tibe semiconductor, a ratio of the length of tfie section to a longest vddtfa is greater than 4:1, 
orgreaterthan 10:1, or greater than 100:1 or even greater than 1000:1 

In various aspects of this embodiment, at least one longitudinal section of the 
semiconductor has a smallest width of less than 200 nanometers, or less than I SO 
nanometers, or less than 100 nanometers, or less than 80 nanometers, or less than 70 
nanometers, or less than 60 nanometers, or less than 40 nanometers, or less than 20 
nanometers, or less than 10 nanometers, or even less than 5 nanometers. 

In various aspects of this embodiment, at least one longitudinal section of the 
semiconductor has a largest width of less than 200 nanometers, or less than 150 
nanometers, or less than 100 nanometers, or less than 80 nanometers, or less than 70 
nanometers, or less than 60 nanometers, or less than 40 nanometers, or less than 20 
nanometers, or less than 10 nanometers, or even less than 5 nanometers. 

In wious aspects of this embodiment, the semiconductor comprises a 
semiconductor firom a group consisting of: Si, Ge, Sn, Se, Te, B, Diamond, P, B-C, B- 



wo 02/17362 PCT/US0iy26298 

P(BP6), B-Si, Si-C, Si-Ge, Si-Sn and Ge-Sn, SiC, BN/BP/BAs, AlN/AJP/AlAs/AlSb, 
GaN/GaP/GaAs/GaSb, IhN/IhP/IhAs/InSb, BN/BP/BAs, AIN/AIP/AIAs/AlSb, 
GaN/GaP/GaAs/GaSb, InN/InP/InAs/IiiSb, ZnO/ZnS/ZnSe/ZnTe, CdS/CdSe/CdTe, 
HgS/HgSe/HgTe. BeS/BeSe/BeTe/MgS/MgSe, GeS, GeSe, GeTe. SnS, SuSe. SnTe, PbO» 
5 PbS, PbSe, PbTe, CuF, CuCI, CuBr, Cul, AgF, AgCl, AgBr, Agl, BeSiN2, CaCN2, 
ZnGeP2, CdSnAs2, ZnSnSb2, CuGeP3, CuSi2P3, (Cu, Ag)(Al, Ga, In, Tl, Fe)(S, Se, 
Te)2, Si3N4, Ge3N4, AI203, (Al, Ga, In)2(S, Se, Te)3, A12CO, and an appropriate 
combiixation of two or more such semiconductors. 

In various aspects of this embodiment, the semiconductor comprises a dopant from 
10 a group consisting of: a p-type dopant from Group III of the periodic table; an n-type 
dopant from Group V of the periodic table; a p-type dopant selected from a group 
consisting of: B, Al and In; an n-type dopant selected from a group consisting of: P, As 
and Sb; a p-type dopant from Group n of the periodic table; a p-type dopant selected from 
a group consisting of: Mg, Zsx, Cd and Hg; a p-type dopant fi^m Group IV of the paiodic 
J5 table; a p-type dopant selected from a group consisting of: C and Si.; or an 
n-fype dopant is selected from a group consisting of: Si, Ge, Sn, S, Se and Te. 

In another aspect of diis embodiment, the semiconductor is part of a device. 
In another aspect of this embodiment^ the semiconductor is n-doped. In various 
optional features of this aspect, the semiconductor is either lightly n-doped or heavily n- 
20 doped. 

In yet another aspect of this embodiment, the semiconductor is p-doped. In various 
optional features embodiments of &is aspect, the semiconductor is ei&er lightly p-doped 

Qrheavilyp-d(q>ed^^^ " ^ - . ,_v, 

In another aspect of this embodiment, the semiconductor is a single crystal. 
25 In another embodiment, provided is a doped semiconductor comprising a single 

crystal. 

In an aspect of this embodiment, the semiconductor is bullc-doped. 

In an aspect of this embodiment, the semiconductor is elongated In various 
optional features of this aspect, at any point along a longitudinal section of the 
30 semiconductor, a ratio of the length of the section to a longest width is greater than 4: 1, or 
greater than 10:1, or greaterthan 100:1, or even greater than 1000:1 

In various aspects of this embodiment, at least one portion of the semiconductor 
has a smallest width of less than 200 nanometers, or less fbm ISO nanometers, or less than 
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100 nanometeis, or less than 80 nanometers, or less liian 70 nanometers, or less than 60 
nanometers, or less than 40 nanometers, or less lhan 20 nanometers, or less than 10 
nanometers, or even less (ban 5 nanometeis. 

In various aspects of this embodiment, the semiconductor comprises a 
5 semiconductor from a group consisting of: Si, Ge, Sn, Se, Te, B, Diamond, P, B-C, B- 
P(BP6), B-Si, Si-C, Si-Ge, Si-Sn and Ge-Sn, SiC, BN/BP/BAs, AIN/AlP/AlAs/AlSb, 
GaN/GaP/GaAs/GaSb, InN/InP/InAs/InSb, BN/BP/BAs, AIN/AlP/AlAs/AlSb, 
GaN/GaP/GaAs/GaSb, InN/InP/InAs/InSb, ZnO/ZnS/ZnSe/ZnTe, CdS/CdSe/CdTe, 
HgS/HgSe/HgTe, BeS/BeSe/BeTe/MgS/MgSe, GeS, GeSe, GeTe, SnS, SnSe, SnTe, PbO, 

10 PbS, PbSe, PbTe, CuF, CuCl, CuBr, Cul, AgF, AgCl, AgBr, Agl, BeSiN2, CaCN2, 
ZnGeP2, CdSnAs2, ZnSnSb2, CuGeP3, C5uSi2P3, (Cu, Ag)(Al, Ga, In, H, Fe)(S, Se, 
Te)2, Si3N4, Ge3N4, A1203, (Al, Ga, In)2(S, Se, Te)3, AI2C0, and an appropriate 
combination of two or more such semiconductors. 

In various aspects of this embodiment, the semiconductor comprises a dopant from 

75 a group consisting of: a p-type dopant from Group III of the periodic table; an n-type 
dopant from Group V of the periodic table; a p-type dopant selected from a group 
consisting of: B, Al and Ixi; an n-type dopant selected from a group consisting of: P, As 
and Sb; a p*type dopant from Qtoxsp H of the periodic table; a p-type dopant selected from 
a group consisting of: Mg, Zn, Cd and Hg; a p-type dopant from Group IV of the periodic 

20 table; a p-type dopant selected from a group consisting of: C and Si.; or an n-lype dopant 
is selected from a group consisting of: Si, Ge, Sn, S, Se and Te. 

In yet another embodiment, provided is a doped semiconductor that is at least one 
of the following: a single crystal, an elongated and bulk-doped semiconductor that, at any 
point along its longitudinal axis, has a largest cross-sectional dimension less than 500 

25 nanometers, and a fr^-standing and bulk-doped semiconductor with at least one portion 
having a smallest width of less than 500 nanometers, where a phenomena produced by a 
section of &e bulk-doped semiconductor exhibits a quantum confinement caused by a 
dimension of the section. 

Inanother aspect of &is embodim^ the longitudinal section is c^>able of 

30 emitting light in response to excitation, wherein a wavelength of the emitted light is 

related to &e widtiL In optional features of this aspect: the wavdength of the emitted light 
is a function of the width; the longitudinal section is capable of transportmg electrical 
carriers without scattering; the longitudinal section is C2?)able of transporting electrical 
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cairiers such that the electrical earners pass throu^ the longitudinal section ballistically; 
the longitudinal section is capable of transporting electrical carriers such that the electrical 
carriers pass through the longitudinal section coherently; the longitudmal section is 
capable of transporting electrical carriers such that the electdcal carriers are spin- 
5 polarized; and/or the longitudmal section is capable of transporting electrical carriers such 
that the spin-polarized electrical carriers pass through the longitudinal section without 
losing spin information. 

In another embodiment, provided is a solution comprising one or more doped 
semiconductors, wherein at least one of the semiconductors is at least one of the 
10 following: a single crystal, an elongated and bulk-doped semiconductor that, at any point 
along its longitudinal axis, has a largest cross-sectional dimension less than 500 
nanometers, and a free-standing and bulk-doped semiconductor with at least one portion 
having a smallest width of less than 500 nanometers. 

In an aspect of this embodiment the at least one semiconductor is elongated In 
15 various optional features of this aspect, at any point along a longitudinal section of the 
semiconductor, a ratio of the length of the section to a longest width is greater than 4:1, or 
greater than 10:1, or greater than 100:1 or even greater 1000:1. 

In various aspects of this embodiment, at least one portion of the at least one 
semiconductor has a smallest width of less than 200 nanometers, or less than 150 
20 nanometers, or less than 100 nanometers, or less than 80 nanometers, or less than 70 
nanometers, or less than 60 nanometers, or less than 40 nanometers, or less than 20 
nanometers, or less than 10 nanometers, or even less than 5 nanometers. 

In variotis aspects of this embodinient, the af least one semicoriductor cbnaprises a ^ 
semiconductor from a group consisting of: Si, Ge, Sn, Se, Te, B, Diamond, P, B-C, B- 
25 P(BP6), B-Si, Si-C, Si-Ge, Si-Sn and Ge-Sn, SiC, BN/BP/BAs, AIN/AlP/AlAs/AlSb, 
GaN/GaP/GaAs/GaSb, InN/InP/InAs/lnSb, BN/BP/BAs, AlN/AlP/AlAs/AlSb, 
GaN/GaP/GaAs/GaSb, InN/LoP/InAs/InSb, ZnO/ZnS/ZnSe/ZnTe, CdS/CdSe/CdTe, 
HgS/HgSe/HgTe, BeS/BeSe/BeTe/MgS/MgSe, GeS, GeSe, GeTe, SnS, SnSe, SnTe, PbO, 
PbS, PbSe, PbTe, CuF, CuCl, CuBr, Cul, AgF, AgCl, AgBr, Agl, BeSiN2, CaCN2, 
30 ZnGeP2, CdSnAs2, ZnSnSb2, CuGeP3, CuSi2P3, (Cu, Ag)(Al, Ga, In, Tl, Fe)(S, Se, 
Te)2, Si3N4, Ge3N4, A1203, (Al, Ga, In)2(S, Se, Te)3, A12C0, and an appropriate 
combination of two ore more such semiconductors. 
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In various aspects of this embodiment, the at least one s^conductor comprises a 
dopant &om a group consisting of: a p-type dopaiit from Group m of the periodic table; an 
n-type dopant from Group V of the periodic table; a p-type dopant selected from a group 
consisting ot B, Al and In; an n-type dopant selected from a group consisting of: P, As 
and Sb; a p-type dopant from Group n of the periodic table; a p-type dopant selected from 
a group consisting of: Mg, Zn, Cd and Hg; a p-type dopant from Group IV of the periodic 
table; a p-type dopant selected from a group consisting of: C and Si.; or an n-type is 
selected from a groiq) consisting of: Si, Ge, Sn, S, Se and Te. 

In another embodiment, provided is a device comprising one or more doped 
semiconductors, wherein at least one of the semiconductors is at least one of the 
following: a single crystal, an elongated and bulk-doped semiconductor that, at any point 
along its longitudinal axis, has a largest cross-sectional dimension less than SOO 
nanometers, and a free-standing and bulk-doped semiconductor \^th at least one portion 
having a smallest widtii of less than 500 naiiometers. 

In an aspect of this embodiment, (he device comprises at least two doped 
semiconductors, wherein both of the at least two doped semiconductors is at least one of 
the following: a single crystal, an elongated and bulk-doped semiconductor that, at any 
point along its longitudinal axis, has a largest cross-sectional dimension less than SOO 
nanometers, and a free-standing and bulk-doped semiconductor with at least one portion 
having a smallest width of less than SOO nanometers, and vdierein a first of the at least two 
doped semiconductors exhibits quantum confiaement and a second of the at least two 
doped semiconductor manipulates the quantum confinement of the fibrst. 

In another aspect of this embodimrat, the device domprisies at least two doped 
semiconductor, wherein both of the at least two doped semiconductors is at least one of 
the following: a single crystal, an elongated and bulk-doped semiconductor that, at any 
point along its longitudinal axis, has a largest cross-sectional dimension less than 500 
nanometers, and a free-standing and bulk-doped semiconductor with at least one portion 
having a smallest width of less than 500 nanometers. In various optional features of this 
embodiment: the at least two bulk-doped semiconductors are in physical contact with each 
othei^ a first of the at least two bulk-doped semiconductors is of a Gist conductivity type, 
and a secoiid of tiie at least two bulk-doped s^conductors is of a second conductivity 
type; the fiast conductivity type is n-type, and flie second ^e of conductivity type is p- 
type; and/or the at least two bulk-doped semiconductors form a p-n junction. 
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In various aspects of fliis embodiment, the device comprises one or more of the 
following:, a switch; a diode; a Light-Emitting Diode; a tunnel diode; a Schottky diode; a 
Bipolar Junction Transistor; a Field Effect Transistor, an mverter, a complimentary 
inyerter, an optical sensor; a sensor for an aaalyts (©.g., DNA); a memory device; a 
5 dynamic memory device; a static memory device; a laser; a logic gate; an AND gate; a 
NAND gate; an EXCILUSrVE-AND gate; an OR gate; a NOR gate; an EXCLUSIVE-OR 
gate; a latch; a register; clock circuitry; a logic array; a state machine; a programmable 
circuit; an amplifier, a transformer; a signal processor; a digital circuit; an analog circuit; a 
light emission source; a photoluminescent device; an electroluminescent device; a 
IQ rectifier; a photodiode; a p-n solar cell.; a phototransistor; a single-electron transistor; a 
single-photon emitter; a single-photon detector; a spintronic device; an ultra-sharp tip for 
atomic force microscope; a scanning tunneling microscope; a field-emission device; a 
photoluminescence tag; a photovoltaic device; a photonic band gap materials; a scanning 
near field optical microscope tips; and a circuit that has digital and analog components. 
15 In various aspects of this embodiment, for a device that includes one or more of the 

device components listed in the previous paragraph, one of the device components may 
include the at least one semiconductor. In an optional feature of this aspect, a plurality of 
the components of the device may include at least one semiconductor, where, for each 
device component, the at least one sffliiconductor is at least one of the following: a single 
20 crystal, an elongated and bulk-doped semiconductor that, at any point along its 

longitudmal axis, has a largest cross-sectional dimension less than 500 nanometers, and a 
fi:ee-standing and bulk-doped semiconductor with at least one portion having a smallest 

width of less than 500 nanometers. . , , _ . ._ 

In an aspect of this embodiment, the at least one semiconductor is elongated In 
25 various optional features of this aspect, at any point along a longitudinal section of the 
semiconductor, a ratio of the lengfli of the section to a longest width is greater than 4: 1, or 
greater than 10:1, or greater than 100:1 or even greater tot 1000:1 

In various aspects of this embodiment, at least one portion of the at least one 
semiconductor has a smallest width of less than 200 nanometers, or less than 150 
50 nanometers, or less flian 100 nanometers, or less than 80 nanometers, or less than 70 
nanometers, or less than 60 nanometers, or less than 40 nanometers, or less than 20 
nanometers, or less than 1 0 nanometers, or even less than 5 nanometers. 

In various aspects of this embodiment, the at least one semiconductor comprises a 
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semiconductor firom a group consisting of: Si, Ge, Sn, Se^; Te, B, Diamond, P, B-C, B- 
P(BP6), B-Si, Si-C, Si^Ge, Si-Sn and Ge-Sn, SiC, BN/BP/BAs, AlN/AIP/AlAs/AlSb, 
GaN/GaP/GaAs/GaSb, InN/faP/InAs/InSb, BN/BP/BAs, AIN/AlP/AlAs/AlSb, 
GaN/GaP/GaAs/GaSb, InN/InP/InAs/InSb, ZnO/ZnS/ZnSe/ZnTe, CdS/CdSe/CdTe, 
5 HgS/HgSe/HgTe, BeS/BeSe/BeTe/MgS/MgSe, GeS, GeSe, GeTe, SnS, SnSe, SnTe, PbO, 
PbS, PbSe, PbTe, CuF, CuCl, CuBr, Cul, AgF, AgCl, AgBr, Agl, BeSiN2,'CaCN2, 
ZnGeP2, CdSnAs2, ZnSnSb2, CuGeP3, CuSi2P3, (Cu, Ag)(AI, Ga, In, TI, Fe)(S, Se, 
Te)2, Si3N4, Ge3N4, A1203, (Al, Ga, In)2(S, Se, Te)3, A12C0, and an appropriate 
combination of two ore more such semiconductors. 
10 In various aspects of this embodiment; the at least one semiconductor comprises a 

dopant fiom a gioup consisting of: a p-type dopant from Qsovq? HI of tiie periodic table; an 
n-lype dopant firom Qxoxxp V of the periodic table; a p-type dopant selected from a group 
consisting of: B, Al and In; an n-type dopant selected from a group consisting of: P, As 
and Sb; a p-type dopant fit>m Group n of the periodic table; a p-type dopant selected &om 
IS a group consisting of: Mg, Zn, Cd and Hg; a p-type dopant firom Group IV of the periodic 
table; a p-^e dopant selected firom a group consisting of: C and Si.; or an n-type is 
selected firom a groiq) consisting of: Si, Ge, Sn, S, Se and Te. 

In another aspect of this embodiment, the device comprises another semiconductor 
that is electrically coupled to the at least one bulk-doped semiconductor. 
20 In another aspect of this embodiment, the device comprises another semiconductor 

that is optically coupled to the at least one bulk-doped semiconductor. In yet another 
aspect of this embodiment, the device comprises another semiconductor that is 
magnetically coiqjled to the at least one bulk-doped semiconductor. 

In another aspect of this embodiment, the device comprises another semiconductor 
25 that physically contacts &e at least one bulk-doped semiconductor. 

In various aspects of this embodiment, the at least one semiconductor is coupled to 
one or more of: an electrical contact an optical contact; or a magnetic contact 

In another aspect of this embodiment, a conductivity of the at least one 
s^conductor is controllable in response to a signal. In various optional features of this 
30 aspect: the conductivity of the at least one semiconductor is controllable to have any value 
within a range of values; the at least one semiconductor is switchable between two or more 
states; the at least one semiconductor is switchable between a conducting state and an 
inqnlflting state by the signal; two or more states of the at least one semiconductor are 
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mamtamable without an applied signal; flie conductivity of the at least one semiconductor 
is controllable in response to an electrical signal; the conductivitir of the at least one 
semiconductor is controllable in response to an optical signal; the conductivify of the at 
least one semiconductor is controllable ia response to a niagnetie signg] ; and/or the 
5 conductivity of the at least one semiconductor is controllable m response to a signal of a 
gate terminal. 

In another aspect of this embodiment, at least two ofUxe semiconductors are 
arranged in an array, and at least one of the semiconductors arranged in the array is a bulk- 
doped semiconductor comprismg at least one portion having a smallest width of less than 
10 500 nanometers. In an optional feature ofthis aspect, the array is an ordered array. In 
another optional feature of this embodiment, the array is not an ordered array. 

In yet another aspect ofthis embodiment, the device comprises two or more 
separate and iutercomected circuits, at least one of the circuits not comprising a bulk- 
doped semiconductor that comprises at least one portion having a smallest width of less 
15 than 500 nanometers. 

In another aspect ofthis embodiment, the device is embodied on a chip having one 
or more pinouts. In an optional feature of this embodiment, the chip comprises separate 
and interconnected ckcuits, at least one of the circuits not comprising a bulk-doped 
semiconductor that comprises at least one portion having a smallest width of less than 500 
nanometers. 

In another embodiment, provided is a collection of reagents for growing a bulk- 
doped semiconductor flial comprises at least one portion having a smallest width of less 
than 500 nanometers,-the collection comprising a semiconductor reagent and a dopant 
reagent 

In an aspect ofthis embodiment the at least one semiconductor is elongated. In 
various optional features of this aspect, at any point along a longitudinal section of the 
semiconductor, a ratio of t3te length of tiie section to a longest width is greater than 4:1, or 
greater tiian 10:1, or greater than 100:1 or even greater than 1000:1 

In various aspects of this embodiment, at least one portion of the at least one 
semiconductor has a smallest width of less than 200 nanometers, or less than 150 
nanometers, or less than 100 nanometers, or less than 80 nanometers, or less than 70 
nanometers, or less than 60 nanometers, or less than 40 nanometers, or less than 20 
nanometers, or less than 1 0 nanometers, or even less than 5 nanometers. 
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In various aspects of ibis embodiment, the at least one semiconductor comprises a 
semiconductor from a group consisting of: Si, Ge, Sn, Se, Te, B, Diamond, P, B-C, B- 
P(BP6), B-Si, Si-C, Si-Ge, Si-Sn and Ge-Sn, SiC, BN/BP/BAs, AlN/AlP/AlAs/AlSb, 
GaN/GaP/GaAs/GaSb, IriN/InP/InAs/InSb, BN/BP/BAs, AlN/AlP/AlAs/AlSb, 
GaN/GaP/GaAs/GaSb, InN/InP/[nAs/InSb, ZnO/ZnS/ZnSe/ZnTe, CdS/CdSe/CdTe, 
HgS/HgSe/HgTe, BeS/BeSe/BeTe/MgS/MgSe, GeS, GeSe, GeTe, SnS, SnSe, SnTe, PbO, 
PbS, PbSe, PbTe, CuF, CuCl, CuBr, Cul, AgF, AgCl, AgBr, Agl, BeSiN2, CaCN2, 
ZnGeP2, CdSnAs2, ZnSnSb2, CuGeP3, CuSi2P3, (Cu, Ag)(Al, Ga, In, Tl, Fe)(S, Se, 
Te)2, Si3N4, Ge3N4, A1203, (Al, Ga, In)2(S, Se, Te)3, A12C0, and an appropriate 
combination of two ore more such semiconductors. 

In various aspects of this embodiment, the at least one semiconductor comprises a 
dopant from a group consisting of: a p-type dopant from Groiqp m of the periodic table; an 
n-type dopant from Group V of the periodic table; a p-^i>e dopant selected from a group 
consisting of: B, Al and &i; an n-type dopant selected from a group consisting of: P, As 
and Sb; a p-type dopant from Group n of the periodic table; a p-type dopant selected from 
a group consisting of: Mg, Zn, Cd and Hg; a p-^e dopant from Group IV of the periodic 
table; a p-Qrpe dopant selected from a group consisting of: C and Si.; or an n-^e is 
selected from a group consisting of: Si, Ge, Sn, S, Se and Te. 

In another embodiment, a semiconductor is doped during growth of the 
semiconductor. 

In various aspects of this embodiment: the semiconductor is free-standing; the 
semiconductor has a smallest width of no more than 100 nanometers; an extent of the 
doping is controlled; the doped semiconductor is grown by applying energy tb a collection' 
of molecules, the collection of molecules comprising molecules of the semiconductor and 
molecules of a dopant; an extent of the doping is controlled; a ratio of an amount of the 
semiconductor molecules to an amount of the dopant molecules is controlled, the 
molecules are vaporized using a laser to form vaporized molecules; the semiconductor is 
grown from the vaporized molecules; the vaporized molecules are condensed into a liquid 
cluster; the semiconductor is grown from the liquid cluster; growing the semiconductor is 
performed using laser-assisted catalytic growth; the collection of molecules comprises a 
cluster of molecules of a catalyst material; a width of the semiconductor is controlled; 
and/or the width of the semiconductor is controlled by controlling a width of the catalyst 
cluster. 
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In additional aspects of this embodiment: the act of doping includes performing 
chenoical vapor deposition on at least the molecules; the grown smiiconductor has at least 
one portion having a smallest width of less than 20 nanometers; the grown semiconductor 
has at least one portion haviog a smallest width of less than 10 nanometers; and/or the 
grown semiconductor has at least one portion having a smallest widtii of less ftan 5 
nanometers. 

In yet other additional aspects of this embodiment: the grown semiconductor is 
magnetic; the semiconductor is doped with a material that makes the grown semiconductor 
magnetic; the grown semiconductor is ferromagnetic; the semiconductor is doped with a 
material that makes the grown semiconductor ferromagnetic; the semiconductor is doped 
with manganese. 

In another aspect of this embodiment; the at least one semiconductor is elongated. 
In various optional features of this aspect, at any point along a longitudinal section of Hie 
semiconductor, a ratio of the length of the section to a longest width is greater than 4: 1, or 
greaterthan 10:1, or greater than 100:1 or even greater than 1000:1. 

In various aspects of this embodiment at least one portion of the at least one 
semiconductor has a smallest width of less than 200 nanometers, or less fhm ISO 
nanometers, or less than 100 nanometers, or less than 80 nanometers, or less than 70 
nanometers, or less than 60 nanometers, or less than 40 nanometers, or less than 20 
nanometers, or less than 10 nanometers, or even less than 5 nanometers. 

In various aspects of this embodiment, the at least one semiconductor comprises a 
semiconductor from a group consisting of: Si, Ge, Sn, Se, Te, B, Diamond, P, B-C, B- 
P(BP6), B-Si, Si-C, Si-Ge, Si-Sn and Ge-Sn, SiC, BN/BP/BAs, Am/AlP/AlAs/ 
GaN/GaP/GaAs/GaSb, InN/InP/rnAs/InSb, BN/BP/B As, AIN/AlP/AlAs/AlSb, 
GaN/GaP/GaAs/GaSb, InN/InP/InAs/InSb, ZnO/ZnS/ZnSe/ZnTe, CdS/CdSe/CdTe, 
HgS/HgSe/HgTe, BeS/BeSe/BeTe/MgS/MgSe, GeS, GeSe, GeTe, SnS, SnSe, SnTe, PbO, 
PbS, PbSe, PbTe, CuF, CuCI, CuBr, Cul, AgF, AgCl, AgBr, Agl, BeSiN2, CaCN2, 
ZnGeP2, CdSnAs2, ZnSnSb2, CuGeP3, CuSi2P3, (Cu, Ag)(Al, Ga, In, H, Fe)(S, Se, 
Te)2, Si3N4, Ge3N4, A1203, (Al, Ga, In)2(S, Se, Te)3, A12C0, and an appropriate 
combination of two ore more sudi semiconductors. 

In various aspects of this embodiment, the at least one semiconductor comprises a 
dopant jSrom a group consisting of: a p-type dopant from Group m of the periodic table; an 
n-type dopant from Group V of the periodic table; a p-type dopant selected from a grouqp 
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consisting of: B, Al and In; an n-type dopant selected &om a group consisting of: P, As 
and Sb; a p-type dopant fix)xn Gronp II of the periodic table; a p-type dopant selected from 
a gro\3p consisting of: Mg, Zn, Cd and Hg; a p-type dopant from Group IV of the periodic 
table; a p-type dopant selected from a group consisting of: C and Si.; or an n-type is 
5 selected from a group consisting of: Si, Ge, Sn, S, Se and Te. 

In another embodiment; a device is fabricated. One or niore semiconductors are 
contacted to a surface, where at least one of the semiconductors is at least one of the 
following: a single crystal, an elongated and bulk-doped semiconductor that, at any point 
along its longitudinal axis, has a largest cross-sectional dimension less than 500 

JO nanometers, and a free-standing and bulk-doped semiconductor with at least one portion 
having a smallest width of less than SCO nanometers. In various aspects of this 
embodiment: the surface is a substrate; prior to contacting the surface, at least one of the 
semiconductors is grown by applying energy to molecules of a semiconductor and 
molecules of a dopant, a solution is contacted comprising the one or more semiconductors 

75 to the suzj^e; one or more of the semiconductors are aligned on tiie surface using an 

electric field; an electric field is generated between at least two electrodes and one or more 
of the semiconductors are positioned between the electrodes; anotho: solution comprising 
one or more other semiconductors is contacted to the sur&ce, where at least one of the 
other semiconductor is a bulk-doped semiconductor comprising at least one portion having 

20 a smallest width of less than 500 nanometers; the surface is conditioned to attach the one 
or more contacted semiconductors to the surface; forming channels on the surface; 
patterns are formed on the surface; one or more of the semiconductors are aligned on the 
surface using an electric field; the at least one semiconductor is elongated. 

In various optional features of this aspect, at any point along a longitudinal section 

25 of the semiconductor, a ratio of the length of the section to a longest width is greater tiian 
4:1, or greater than 10:1, or greater than 100:1 or even greater than 1000:1 

In various aspects of this raibodim^ at least one portion of fhe at least one 
semiconductor has a smallest width of less than 200 nanometers, or less than ISO 
nanometers, or less than 100 nanometers, or less than 80 nanometers, or less than 70 

30 nanometers, or less than 60 nanometers, or less than 40 nanometers, or less than 20 
nanometers, or less than 10 nanometers, or even less than 5 nanometers. 

In various aspects of tiiis embodiment, the at least one semiconductor comprises a 
semiconductor from a group consisting of: Si, Ge, Sn, Se, Te, B, Diamond, P, B-C, B- 
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P(BP6), B-Si, Si-C, Si-Ge, Si-Sn and Ge-Sn, SiC, BN/BP/BAs, AlN/AIP/AlAs/AlSb, 
GaN/GaP/GaAs/GaSb, InN/IhP/InAs/InSb, BN/BP/BAs, AlN/AIP/AlAs/AlSb, 
GaN/GaP/GaAs/GaSb, InN/InP/InAs/InSb, ZnO/ZnS/ZnSe/ZnTe, CdS/CdSe/CdTe, 
HgS/HgSe/HgTe- BeS/BeSe/BeTe/MgS/MgSe, GeS, GeSe, GeTe, SnS, SnSe, SnTe. PbO, 
PbS, PbSe, PbTe, CuF, CuCl, CuBr, Cul, AgF, AgCl, AgBr, AgJ, BeSiN2, CaCN2, 
ZnGeP2, CdSnAs2, ZnSnSb2, CuGeP3, CuSi2P3, (Cu, Ag)(Al, Ga, In, Tl, Fe)(S, Se, . 
Te)2, Si3N4, Ge3N4, A1203, (Al, Ga, In)2(S, Se, Te)3, A12C0, and an appropriate 
conibination of two ore more such semiconductors. 

In various aspects of this embodiment, the at least one semiconductor comprises a 
dopant from a group consisting of: a p-type dopant from Group IE of the periodic table; an 
n-type dopant from Qroup V of the periodic table; a p-type dopant selected tcom a group 
consisting of: B, Al and In; an n-type dopant selected from a groirp consisting of: P, As 
and Sb; a p-type dopant from Group H of the periodic table; a p-type dopant selected from 
a group consisting of: Mg, Zn, Cd and Hg; a p-type dopant from Group IV of the periodic 
table; a p-type dopant selected from a group consisting of: C and Si.; or an n-type is 
selected from a group consisting of: Si, Ge, Sn, S, Se and Te. 

In another embodiment, generatmg light is generated by applying energy to one or 
more semiconductors causing the one or more semiconductors to emit lig^t, wiierein at 
least one of the semiconductors is at least one of the following: a smgle crystal, an 
elongated and bulk-doped semiconductor that, at any point along its longitudinal axis, has 
a largest cross-sectional dimension less than 500 nanometers, and a free-standing and 
bulk-doped semiconductor with at least one portion having a smallest width of less than 
500 nanometers. - - - 

In an aspect of this embodiment, the at least one semiconductor is elongated. In 
various optional features of this aspect, at any point along a longitudinal section of the 
semiconductor, a ratio of the length of the section to a longest width is greater than 4:1, or 
greater than 10:1, or greater than 100:1 or even greater than 1000:1 

In various aspects of this embodiment at least one portion of the at least one 
semicondxictor has a smallest width of less tiian 200 nanometers, or less than 150 
nanometers, or less than 100 nanometers, or less than 80 nanometers, or less than 70 
nanometers, or less than 60 nanometers, or less than 40 nanometers, or less than 20 
nanometers, or less than 10 nanometers, or even less than 5 nanometers. 

In various aspects of this embodiment, the at least one semiconductor comprises a 
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semiconductor from a groiip consisting of: Si, Ge, Sn, Se, Te, B, Diamond, P, B-C, B- 
P(BP6), B-Si, Si-C, Si-Ge, Si-Snand Ge-Sn, SiC, BN/BP/BAs, AIN/AlP/AlAs/AlSb, 
GaN/GaP/GaAs/GaSb, InN/InP/InAs/InSb, BN/BP/BAs, AlN/AlP/AlAs/AlSb, 
GaN/GaP/GaAs/GaSb, InN/InP/foAs/InSb, ZnO/ZnS/ZnSe/ZnTe, CdS/CdSe/CdTe, 
J HgS/UgSe/HgTe, BeS/BeSe/BeTe/MgS/MgSe, GeS, GeSe, GeTe, SnS, SnSe, SnTe, PbO, 
PbS, PbSe, PbTe, CuF, CuCl, CuBr, Cul, AgF, AgCl, AgBr, Agl, BeSiN2, CaCN2, 
ZnGeP2, CdSnAs2, ZnSnSb2, CuGePS, CuSi2P3, (Cu, Ag)(Al, Ga, In, H, Fe)(S, Se, 
Te)2, Si3N4, Ge3N4, A1203, (Al, Ga, In)2(S, Se, Te)3, A12C0, and an appropriate 
combination of two ore more such semiconductors. 

10 In various aspects of this embodiment, the at least one semiconductor comprises a 

dopant firom a group consistmg of: a p-lype dopant from Group in of the periodic table; an 
n-type dopant from Group V of the periodic table; a p*type dopant selected from a group 
consisting of: B, Al and In; an n-type dopant selected from a group consistmg of: P, As 
and Sb; a p*type dopant from Qtovap n of the periodic table; a p-type dopant selected from 

15 a group consisting of: Mg, Zn, Cd and Hg; a p-type dopant firom Group IV of the periodic 
table; a p-type dopant selected from a group consisting of: C and Si.; or an-type is selected 
from a group consisting of: Si, Ge, Sn, S, Se and Te. 

In various aspects of this embodiment the at least one s^conductor is a bulk- 
doped; the semiconductor comprises a direct-band-gscp semiconductor; a voltage is applied 

20 across a junction of two crossed semiconductors, each semiconductor having a smallest 
width of less than 500 nanometers; each semiconductor has a smallest width of less than 
100 nanometers; a wavelength of the emitted ligjtt is controlled by controlling a dimension 
of the at least one semiconductor having a smallest width of less than 100 nanometers; the 
semiconductor is elongated, and a width of the elongated semiconductor is controlled; the 

25 semiconductor has a property that a mass of the sezniconductor emits light at a first 

wavelength if the mass has a mmiTrmm shortest dimension, and the controlled dimension 
of the semiconductor is less than the mmiTrmm shortest dimension* 

In another embodiment, a device having at least a doped semiconductor conqponent 
and one or more other comp(ments is fabricated. A semiconductor is doped during its 

30 growth to produce the doped semiconductor component and the doped sendcondtictor 
componmt is attached to at least one of the one or more other components. 

In an aspect of this embodiment, the doped semiconductor is at least one of the 
following: a single crystal, an elongated and bulk-doped semiconductor that, at any point 
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along its longitudinal axis, has a largest cross-sectional dimension less than 500 
nanometers^ and a firee-standing and bulk-doped semiconductor with at least one portion 
having a smallest vddtii of less than 500 nanometers 

In various aspects of this embodiment: the semiconductor component is at least 
5 part of a nanowire; Ihe semiconductor is doped during growth of the semiconductor. 
In another embodiment provided is a process for controllably assembling a 
semiconductor device having elongated elements with a characteristic dimension in a 
transverse direction of the element on a nanometer scale, the process comprising: 
producing at least one first elements of a first doping type, orienting said first elem^it in a 
10 first direction, and connecting said first element to at least one first contact to allow an 
electrical current to flow through the first element 

In various aspects of this embodiment: the process finther comprises producing at 
least one second elements of a second doping type, orienting said second element in a 
second direction different firom the first direction, enabling an electrical contact between 
15 the first element and the second element, and connecting said second element to at least 
one second contact to allow an electrical current to flow between the first and second 
element the process fiirther comprises connecting said first element to spaced-apart 
contacts and arranging a gate electrode proximate to the first olemmt between the spaced- 
apart contacts, thereby forming an FET; the first dopmg type is one of n-type or p-type; 
20 the second dopmg type is n-type if the first doping type is p-type, and p-type if the first 
doping type is n-type; the first element is oriented by applying at least one of an electric 
field or a fluid flow; the first element is suspended in the fluid flow; the first element is 

oriented by applying a mechanical tool; the second element is oriented by applying at least - 

one of an electric field or a fluid flow; the second element is suspended m the fluid flow; 
23 the second element is oriented by applying a mechanical tool. 

In yet another embodiment, provided is a semiconductor device, comprising: a 
silicon substrate having an array of metal contacts; a crossbar switeh element formed in 
electrical communication with the array and having a first bar formed of a p-type 
semiconductor nanowire, and a second bar formed of an n-type semiconductor nanowire 
30 and being spaced away firom the first bar and being disposed transversely thereto. 

In an aspect of this embodiment, the second bar is spaces between 1-10 nm firom 
fixe first bar 
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In another embodiment, provided is a method for manufacturing a nano we 
semiconductor device coniprising positioning a first nanowire between two contact points 
by applying a potential between the contact points; positioxiing a second nanowire between 
two other contact points. 
5 In another embodiment, provided is a method for manufacturing a nanowire 

semiconductor device comprising forming a surface with one or more regions that 
selectively attract nanowires. 

In another embodiment, provided is a method for manufacturing a light-emitting 
diode firom nanowires, the diode having an emission wavelength determined by a 

10 dimension of a p-n junction between two doped nanowires. 

In yet another embodiment, provided is a method for manufacturing a 
semiconductor junction by crossing a p-type nanowire and an n-type nanowire. 

In another embodiment, provided is a method of assembling one or more elongated 
structures on a surface, where the method comprising acts o£ flowing a fluid that 

15 comprises the one or more elongated structures onto the surface; and aligning the one or 
more elongated stnK^es on fte surface to fonn an array of the elongated structu^ 
In varioiis embodunents of this method: flowing comprises flowmg the fl^ 
first direction and aligning comprises aligning the one or more elongated structures as die 
fluid flows in the first direction to fonn a first layer of arrayed structures, and the method 

20 fijrfher comprises changing a direction of the flow fi'om the first direction to a second 

direction, and repeating the acts of flowing and aligning; at least a first elongated structure 
firom the first layer contacts at least a second elongated structure firom the second array; 
one of the first and second elongated structures is doped sentiiconductor of a first 
conductivity type and another of first and second elongated structures is doped 

25 senaiconductor of a second conductivity type; the first conductivity type is p-type and the 
second conductivity type is n-typ^ and wherein the fiurst and second elongated structures 
form a p-n junction; the surface is a surface of a substrate; the mefliod finrttier comprises 
transferring the array of elongated structures fipom the surface of the substrate to a surface 
of another substrate; transferring comprises stamping; the one or more elonga^^ 

30 structured are aligned onto the surface iTtiiile still comprised in the fluid; conditioning the 
surface with one or more fimctionalities that attract the one or more elongated structures to 
particular positions on the surface, and the act of aligning comprises attracting the one or 
more elongated structures to the particular positions using the one or more fimctionalities; 
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the act of conditioning comprises conditioning the surface vdth one or more molecules; the 
act of conditioning comprises conditioning the sur&ce ivith one or more charges; the act 
of conditioning comprises conditionmg the sur&ce with one or more magnetos; the act of 
conditioning c-omprises conditioning the sur&ce ivith one or more light intensities; 
conditioning the sui&ce with one or more functionalities that attract the one or more 
elongated structures to particular positions on Ihe surface using chemical force; the act of 
conditioning comprises conditioning the sur&ce with one or more functionalities tiiat 
attract the one or more elongated structures to particular positions on the sur&ce using 
optical force; the act of conditioning comprises conditioning the sur&ce with one or more 
functionalities that attract the one or more elongated structures to particular positions on 
the surfece using electrostatic force; the act of conditioning comprises conditioning the 
surface with one or more functionalities that attract tiie one or more elongated structures to 
particular positions on the surfece using magnetic force; the method fiirther comprises 
patterning the surface to receive the one or more elongated structures at particular 
positions on the sur&ce; the act of patterning comprise creating physical patterns on the 
surface; the physical patterns are trenches; the physical patterns are steps; the surface is a 
surface of a substrate, and orating physical patterns on the surface comprises using crystai 
lattice steps of the substrate; the sur&ce is a sur&ce of a substrate, and creating physical 
patterns on the sur&ce comprises usmg self-assembled di-block polymer strips; creating 
physical patterns on the sur&ce comprises using patterns; creating physical patterns on the 
sur&ce comprises using imprinted patterns; and/or the act of flowing comprises 
controlling the flow of the fluid using a channeL 

In additional aspects'of this embodiment: at least one of the elongated structures^ - 
are semiconductors; at least one of the elongated structures are doped semiconductors; at 
least one of the elongated structures are bulk-doped semiconductors; at least one of the 
structures is a doped single-crystal semiconductor; at least one of the structures is an 
elongated and bulk-doped semiconductor that, at any point along its longitudinal axis, has 
a largest cross-sectional dimension less than 500 nanometers; at least one of the structures 
is a free-standing and bulk-doped semiconductor with at least one portion having a 
smallest width of less than 500 nanometers; at least one of tiie structures is a doped 
semiconductor that is at least one of the following: a single crystal, an elongated and bulk- 
doped semiconductor that, at any point along its longitudinal axis, has a largest cross- 
sectional dimension less than 500 nanometers, and a fi:ee-standing and bulk-doped 
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seniiconductor wifh at least one portion having a smallest width of less than 500 
nanometers; the doped semiconductor comprises a semiconductor selected from a group 
consisting of: Si, Ge, Sn, Se, Te, B, Diamond, P, B-C, B-P(BP6), B-Si, Si-C, Si-Ge, Si-Sn 
and Ge-Sn, SiC, BN/BP/BAs, AlN/AlP/AlAs/AlSb, GaN/GaP/QaAs/GaSb, 
IriN/InP/InAs/InSb, BN/BP/BAs, AlN/AlP/AlAs/AlSl5, GaN/GaP/GaiWGaSb, 
InN/InP/InAs/InSb, ZnO/ZnS/ZnSe/ZnTe, CdS/CdSe/CdTe, HgS/HgSe/HgTe, 
BeS/BeSe/BeTe/MgS/MgSe, GeS, GeSe, GeTe, SnS, SnSe, SnTe, PbO, PbS, PbSe, PbTe, 
CuF, CuCl, CuBr, Cul, AgF, AgCl, AgBr, Agl, BeSiN2, CaCN2, ZnGeP2, CdSnAs2, 
ZnSnSb2, CuGeP3, CuSi2P3, (Cu, Ag)(Al, Ga, In, Tl, Fe)(S, Se, Te)2, Si3N4, Ge3N4, 
AI203, (Al, Ga, In)2(S, Se, Te)3, A12C0; the doped semiconductor comprises a dopant 
selected firom a group consisting of:: ap-type dopant from Group HI of the periodic table; 
an n-type dopant from Group V of the pmodic table; a p-lype dopant selected from a 
group consisting of: B, Ai and In; an n-type dopant selected from a group condsting of: P, 
As and Sb; a p-type dopant from Group n of the periodic table; a p-type dopant selected 
from a group consisting of: Mg, Zn, Cd and Hg; a p-type dopant from Group IV of the 
periodic table; a p-1ype dopant selected from a grou^ consisting of: C and Si.; and an n- 
type is selected from a group consisting of: Si, Ge, Sn, S, Se and Te; the doped 
semiconductor is doped during growth of the semiconductor. 

In another ^bodimen^ disclosed is method of assembling one or more elongated 
structures on a surfrice, wherein one or more of the elongated structures are at least one of 
the following: a single crystal, an elongated and bulk-doped semiconductor that, at any 
point along its longitudinal axis, has a largest cross-sectional dimension less than 500 
nanometers, and a free-standing and bulk-doped setnicoiiductor with at least one portion ' 
having a smallest width of less than 500 nanometers, and wherein tiie method comprises 
acts of conditioning the surface with one or more functionalities that attract the one or 
more elongated structures to particular positions on the surface, and aligning the one or 
more elongated structures by attracting the one or more elongated structures to the 
particular positions usiog the one or more frmctionalities. 

In various aspects of this embodiment: the act of conditioning comprises 
conditioniog the sui&ce with one or more molecules; flie act of conditiomng comprises 
conditioning the sur&ce with one or more charges; the act of conditioning comprises 
conditioning the surfru)e with one or more magnetos; the act of conditioning comprises 
conditioning the sur&ce with one or more light intensities; conditioning the sur&ce with 
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one or more functionalities that attract the one or more elongated structures to particular 
positions on the sur&ce using chemical force; the act of conditioning comprises 
conditioning the sur&ce with one or more functionalities that attract tiie one or more 
elongated structures to particular positions on the sui&ce using optical force; the act of 
conditioning comprises conditiomng the sui&ce with one or more functionalities that 
attract the one or more elongated structures to particular positions on the surface using 
electrostatic force; and/or the act of conditioning comprises conditioning the surface with 
one or more functionalities that attract the one or more elongated structures to particular 
positions on the surface using magnetic force. 

In additional aspects of this embodiment: at least one of the elongated structures 
are semiconductors; at least one of the elongated structures are doped senodconductors; at 
least one of the elongated structures are bulk-doped semiconductors; at least one of the 
structures is a doped single-crystal semiconductor; at least one of the structures is an 
elongated and bulk-doped semiconductor that, at any point along its longitudinal axis, has 
a largest cross-sectional dimension less than 500 nanometers; at least one of the structures 
is a free-standing and bulk-doped semiconductor with at least one portion having a 
smallest width of less than 500 nanometers; at least one of flie structures is a doped 
semiconductor that is at least one of the following: a single crystal, an eloiigated and bulk- 
doped semiconductor that, at any point along its longitudinal axis, has a largest cross- 
sectional dimension less than 500 nanometers, and a free-standing and bulk-doped 
semiconductor with at least one portion having a smallest width of less than 500 
nanometers; the doped semiconductor comprises a semiconductor selected from a group 
consisting of: Si, Ge, Sn5 SerTe, BrDiamond, P, B-C, B-P^ 
and Ge-Sn, SiC, BN/BP/BAs, AlN/AlP/AlAs/AlSb, GaN/GaP/GaAs/GaSb, 
InN/InP/IhAs/IhSb, BN/BP/BAs, AlN/AlP/AlAs/AlSb, GaN/GaP/GaAs/GaSb, 
InN/InP/InAs/InSb, ZnO/ZnS/ZnSe/ZnTe, CdS/CdSe/CdTe, HgS/HgSe/HgTe, 
BeS/BeSe/BeTe/MgS/MgSe, GeS, GeSe, GeTe, SnS, SnSe, SnTe, PbO, PbS, PbSe, PbTe, 
CuF, CuCl, CuBr, Cul, AgF, AgCl, AgBr, Agl, BeSiN2, CaCN2, ZnGeP2, CdSnAs2, 
ZnSnSb2, CuGeP3, CuSi2P3, (Cu, Ag)(Al, Ga, In, Tl, Fe)(S, Se, Te)2, Si3N4, Ge3N4, 
A1203, (Al, Ga, In)2(S, Se, Te)3, AI2CO; the doped semiconductor comprises a dopant 
selected from a grouqp consisting of:: a p-type dopant from Group KI of the periodic table} 
an n-type dopant from Group V of the periodic table; a p-type dopant selected from a 
groirp consisting of: B, Al and In; an n-type dopant selected from a group consisting of: P, 
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As and Sb; a p-type dopant from Groiq) II of the periodic table; a p-type dopant selected 
fiom a group consisting of: Mg, Zn, Cd and Hg; a p-type dopant from Group IV offhe 
periodic table; a p-type dopant selected from a group consisting of: C and Si.; and an n- 
type is selected firom a group consisting of: Si, Ge, Sn, S, Se and Te; the doped 
semiconductor is doped during growth of the semiconductor. 

In another embodiment, disclosed is a method of assembling a plurality of 
elongated structures on a surface, wherein one or more of the elongated structures axe at 
least one of the following: a single crystal, an elongated and bulk-doped semiconductor 
that, at any point along its longitudinal axis, has a largest cross-sectional dimension less 
than 500 nanometers, and a £ree«standing and bulk-doped semiconductor with at least one 
portion having a smallest width of less than 500 nanometers, and wherein the method 
comprises acts of: depositing the plurality of elongated structures onto the surface; and 
electrically charging the sur&ce to produce electrostatic forces between two or more of the 
plurality of the elongated structures. 

In "^ous embodiments of this embodiment: the electrostatic forces cause the two 
or more elongated structures to align themselves; the electrostatic forces cause the two or 
more elongated structures to align th^nselves into one or more pattens; and/or the one or 
more patterns comprise a parallel array. 

In additional aspects of this embodunent: at least one of the elongated structures 
are semiconductors; at least one of the elongated structures are doped semiconductors; at 
least one of the elongated structures are bulk-doped semiconductors; at least one of the 
structured is a doped single-crystal semiconductor; at least one of the structures is an 
elongated and bulk-doped semiconductor that, at aaypbihf along its longitudinal axis,"has"'*^ 
a largest cross-sectional dimension less than 500 nanometers; at least one of the structures 
is a free-standing and bulk-doped semiconductor with at least one portion having a 
smallest width of less than 500 nanometers; at least one of the structures is a doped 
semiconductor that is at least one of the following: a single crystal, an elongated and bulk- 
doped semiconductor that, at any point along its longitudinal axis, has a largest cross- 
sectional dimension less than 500 nanometers, and a free-standing and bulk-doped 
semiconductor with at least one portion having a smallest width of less than 500 
nanometers; the doped semiconductor comprises a semiconductor selected from a groiq> 
consisting of: Si, Ge, Sn, Se, Te, B, Diamond, P, B-C, B-P(BP6), B-Si, Si-C, Si-Ge, Si-Sn 
and Ge-Sn, SiC, BN/BP/BAs, AIN/AlP/AlAs/AlSb, GaN/QaP/GaAs/GaSb, 
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. InN/InP/InAs/InSb, BN/BP/BAs, AIN/AlP/AlAs/AlSb, GaN/GaP/GaAs/GaSb, 
InN/InP/rnAs/InSb, ZnO/ZnS/ZnSe/ZaTe, CdS/CdSe/CdTe, HgS/HgSe/HgTe, 
BeS/BeSe/BeTe/MgS/MgSe, GeS, GeSe, GeTe, SnS, SnSe, SnTe, PbO, PbS, PbSe, PbTe, 
CuF, CuCl, GuBr, Cul, AgF, AgCl, AgBr, Agl, BeSiN2, CaCN2, ZnGeP2, CdSnAs2, 
5 ZnSiiSb2, CuGeP3, CuSi2P3, (Cu, Ag)(Al, Ga, In, Tl, Fe)(S, Se, Te)2, SBN4, Ge3N4, 
A1203, (Al, Ga, In)2(S, Se, Te)3, A12C0; the doped semiconductor comprises a dopant 
selected from a group consisting of:: a p-type dopant from Group III of the periodic table; 
an n-type dopant from Qiojxp V of the periodic table; a p-type dopant selected from a 
group consistmg of: B, Al and In; an n-type dopant selected from a group consisting of: P, 

10 As and Sb; a p-type dopant from Group 11 of the periodic table; a p-type dopant selected 
from a group consisting of: Mg, Zn, Cd and Hg; a p-type dopant from Group IV of the 
periodic table; a p-type dopant selected from a group consisting of: C and Si.; and an n- 
type is selected from a groiq) consisting of: Si, Ge, Sn, S, Se and Te; the doped 
semiconductor is doped during growth of the semicoAductor. 

J 5 In yet another raibodiment, provided is a method of assembling a plurality of 

elongated structures on a surface, wherein one or more of the elongated structures are at 
least one of the following: a single crystal, an elongated and bulk-doped semiconductor 
that, at any point along its longitudinal axis, has a largest cross-sectional dimension less 
than 500 nanometers, and a free-standing and bulk-doped semiconductor with at least one 

20 portion having a smallest width of less than 500 nanometers, and wherein the method 
comprises acts of: dispersing the one or more elongated structures on a surface of a liquid 
phase to fonn a Langmuir-Blodgett film; compressing the Langmuir-Blodgett film; and 

traiisferring the compressed fcangmuir-Blodgett film onto a s^^ — 

In an aspect of this embodiment: the surface id the surface of a substrate. 

25 In additional aspects of this embodiment: at least one of the elongated structures 

are semiconductors; at least one of the elongated structures are doped semiconductors; at 
least one of the elongated structures are bulk-doped semiconductors; at least one of the 
structures is a doped single-crystal semiconductor; at least one of the structures is an 
elongated and bulk-doped semiconductor thai, at any point along its longitudinal axis, has 

30 a largest cross-sectional dimension less than 500 nanometers; at least one of the structures 
is a free-standing and bulk-doped semiconductor with at least one portion having a 
smaUest width of less than 500 nanometers; at least one of the structures is a doped 
semiconductor that is at least one of the following: a single crystal, an elongated and bulk- 
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doped semiconductor that, at any point along its longitudinal axis, has a largest cross- 
sectional dimension less than 500 nanometers, and a free-standing and bulk-doped 
semiconductor vdth at least one portion having a smallest width of less than 500 
nanometers; the doped semiconductor compiises a semiconductor selected &om a group 
5 consisting of: Si, Ge, Sn, Se, Te, B, Diamond, P, B-C, B-P(BP6), B-Si, Si-C, Si-Ge, Si-Sn 
and Ge-Sn, SiC, BN/BP/BAs, AlN/AlP/AlAs/AlSb, GaN/GaP/GaAs/GaSb, 
InN/InP/InAs/InSb, BN/BP/BAs, AIN/AlP/AiAs/AlSb, GaN/GaP/GaAs/GaSb, . 
InN/InP/InAs/InSb, ZnO/ZnS/ZnSe/ZnTe, CdS/CdSe/CdTe, HgS/HgSe/HgTe, 
BeS/BeSe/BeTe/MgS/MgSe, GeS, GeSe, GeTe, SnS, SnS.e, SnTe, PbO, PbS, PbSe, PbTe, 

10 CuF, CuCl, CuBr, Cul, AgF, AgCl, AgBr, Agl, BeSiN2, CaCN2, ZnGeP2, CdSnAs2, 
ZnSnSb2, CuGeP3, CuSi2P3, (Cu, Ag)(Al, Ga, In, H, Fe)(S, Se, Te)2,.SDN4, Ge3N4, 
A1203, (Al, Ga, In)2(S, Se, Te)3, A12C0; the doped semiconductor comprises a dopant 
selected from a group consisting of:: a p-lype decant from Group m of the periodic table; . 
an n-type dopant from Group V of the periodic table; a p-lype dopant selected from a 

75 group consisting of: B, Al and In; an n-type dopant selected from a group consisting of: P, 
As and Sb; ap-type dopant from Group n of &e periodic table; a p-type dopant selected 
from a group consisting of: Mg, Zn, Cd and Hg; a p-type dopant from Group IV of the 
periodic table; a p-lype dopant selected from a group consisting of: C and Si.; and an n- 
type is selected from a ffoxsp consisting of: Si, Ge, Sn, S, Se and Te; tiie doped 

20 semiconductor is doped during growth of the semiconductor. 

In another embodiment, provided is a method of assembling a plurality of one or 
more elongated structures on a surface, wherein at least one of the elongated structures are 
at least one bfthie foU6vwhg:"a 'angle crystal; im elongated and buik-dbped semicoiiductor 
that, at any point along its longitudinal axis, has a largest cross-sectional dimension less 

2S than 500 nanometers, and a free-standing and bulk-doped semiconductor with at least one 
portion having a smallest width of less than 500 nanometers, and wherein the method 
comprises acts of: dispersing the one or more elongated structures in a flexible matrix; 
stretching the flexible matrix in a direction to produce a shear force on the one or more 
elongated structures that causes the at least one elongated structure to align in tiie 

30 direction; removing the flexible matrix; and transferring the at least one aligned elongated 
structure to a sur&ce. 

In various aspects of this embodiment: the direction is parallel to a plane of the 
surface the act of stretching comprises stretching the flexible matrix with an electrically- 



wo 02/17362 PCT/USOl/26298 

-24- 

induced force; the act of stretching comprises stretching the flexible matrix with an 
optically-induced force; the act of stretching comprises stretching the flexible matrix mib. 
a mechanically-induced force; the act of stretohing comprises stretching the flexible matrix 
with a magnetically-induced force: the surface is a surface of a substrate: the jQexible 
5 matrix is a polymer. 

In additional aspects of this embodiment: at least one of the elongated structures 
are semiconductors; at least one of the elongated structures are doped semiconductors; at 
least one of the elongated structures are bulk-doped semiconductors; at least one of the 
structures is a doped single-crystal semiconductor; at least one of the structures is an 
10 elongated and bulk-doped semiconductor that, at any point along its longitudinal axis, has 
a largest cross-sectional dimension less than 500 nanometers; at least one of the structures 
is a free-standing and bulk-doped semiconductor with at least one portion having a 
smallest width of less than 500 nanometers; at least one of the structures is a doped 
semiconductor that is at least one of the following: a single crystal, an elongated and bulk- 

75 doped semiconductor that, at any point along its longitudinal axis, has a largest cross- 
sectional dunension less than 500 nanometers, and a free-standing and bulk-doped 
semiconductor with at least one portion having a smallest width of less than 500 
nanometers; the doped semiconductor comprises a semiconductor selected from a gjcoup 
consistmg of: Si, Ge, Sn, Se, Te, B, Diamond, P, B-C, B-P(BP6), B-Si, Si-C, Si-Ge, Si-Sn 

20 and Ge-Sn, SiC, BN/BP/BAs, AIN/AlP/AlAs/AlSb, GaN/GaP/GaAs/GaSb, 
InN/IhP/InAs/IhSb, BN/BP/B As, AIN/AlP/AlAs/AlSb, GaN/GaP/GaAs/GaSb, 
InN/fcP/InAa/InSb, ZnO/ZnS/ZnSe/SiTe, CdS/CdSe/CdTe, HgSyHgSe/HgTe, 

BeS/BeSe^eTe/MgS/MgSe^ GeSi GeSe^ GeTe, SnS, SnSe, SnTe, PbO, PbS, P.bSe,.PbTe,-^. 

CuF, Cud, CuBr, Cul, AgF, AgCl, AgBr, Agl, BeSiN2, CaC3SI2, ZnGeP2, CdSnAs2, 

25 ZnSnSb2, CuGeP3, CuSi2P3, (Cu, Ag)(Al, Ga, In, TI, FeXS, Se, Te)2, Si3N4, Ge3N4, 
A1203, (Al, Ga, In)2(S, Se, Te)3, A12C0; the doped semiconductor comprises a dopant 
selected from a group consistmg of:: a p-type dopant from Group III of the periodic table; 
an n-type dopant from Group V of the periodic table; a p-type dopant selected from a 
group consisting of: B, Al and In; an n-type dopant selected from a group consisting of: P, 

30 As and Sb; a p-type dopant from Groiq> n of the periodic table; a p-type dopant selected 
from a group consisting of: Mg, Zn, Cd and Hg; a p-type dopant from Group IV of the 
periodic table; a p-type dopant selected from a group consisting of: C and Si.; and an n- 
type is selected from a group consisting of: Si, Ge, Sn, S, Se and Te; the doped 
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seimconductor is doped during growth of the semiconductor. 

In another embodiment, provided is a system for growing a doped semiconductor, 
the system comprising: means for providmg a molecules of the semiconductor and 
molecules of a dopant; and means for doping the molecules of the semiconductor with the 
5 molecules of the dopant during growth of the semiconductor to produce the doped 
semiconductor. 

In additional aspects of this embodiment: at least one of the elongated structures 
are semiconductors; at least one of the elongated structures are doped semiconductors; at 
least one of the elongated structures are bulk-doped semiconductors; at least one of the 

10 structures is a doped single-crystal semiconductor^ at least one of the structures is an 
elongated and bulk-doped semicoiiductor that, at any point along its 
a largest cross-sectional dimension less than 500 nanometers; at least one of the structures 
is a free-standing and bulk-doped semiconductor with at least one portion having a 
smallest width of less than SOO nanometers; at least one of the structures is a doped 

13 semiconductor that is at least one of the following: a single crystal, an elongated and bulk- 
doped semiconductor that, at any point along its longitudinal axis, has a largest cross- 
sectional dimexision less than 500 nanometers, and a fiee-standing and bulk-doped 
semiconductor with at least one portion having a smallest width of less than 500 
nanometers; the doped semiconductor comprises a semiconductor selected from a group 

20 consisting of: Si, Ge, Sn, Se, Te, B, Diamond, P, B-C, B-P(BP6), B-Si, Si-C, Si-Ge, Si-Sn 
and Ge-Sn, SiC, BN/BP/BAs, AIN/AlP/AlAs/AlSb, GaN/GaP/GaAs/GaSb, 
InN/InP/InAs/InSb, BN/BP/BAs, AlN/AlP/AlAs/AlSb, GaN/GaP/GaAs/GaSb, 
IjiH/ti^^ " 
BeS/BeSe/BeTe/MgS/MgSe, GeS, GeSe, GeTe, SnS, SnSe, SnTe, PbO, PbS, PbSe, PbTe, 

25 CuF, CuCl, CuBr, Cul, AgF, AgCl, AgBr, Agl, BeSiN2, CaCN2, ZnGeP2, CdSnAs2, 
ZnSnSb2, CuGePS, CuSi2P3, (Cu, Ag)(Al, Ga, In, U Fe)(S, Se, Te)2, Si3N4, Ge3N4, 
A1203, (Al, Ga, In)2(S, Se, Te)3, A12C0; the doped semiconductor comprises a dopant 
selected from a group consisting of:: a p-type dopant from Group HI of the periodic table; 
an n-type dopant from Group V of the periodic table; a p-type dopant selected from a 

30 group consisting of: B, Al and Li; an n-type dopant selected from a group consisting of: P, 
As and Sb; a p-type dopant from Groxq) n of the periodic table; a p-type dopant selected 
from a group consisting of: Mg, Zn, Cd and Hg; a p-type dopant from Group IV of the 
periodic table; a p-type dopant selected from a group consistmg of: C and Si.; and an n- 



wo 02/17362 PCT/USOl/26298 

-26- 

type is selected from a group consisting of: Si, Ge, Sn, S,.Se and Te; the doped 
semiconductor is doped during growth of the semiconductor. 

In another embodiment provided is a system for assembling one or more elongated 
structures on a sur&ce, the ^stem comprising: means for flowing a fluid that comprises 
the one or more elongated structures onto the surface; and means for aligning the one or 
more elongated structures on the sur&ce to form an array of the elongated structures. 

In additional aspects of this embodiment: at least one of the elongated structures 
are semiconductors; at least one of the elongated structures are doped semiconductors; at 
least one of the elongated structures are bulk-doped semiconductors; at least one of the 
structures is a doped single-crystal semiconductor; at least one of the structures is an 
elongated and bulk-doped semiconductor that, at any point along its longitudinal axis, has 
a largest cross-sectional dimension less than 500 nanometers; at least one of the structures 
is a free-standing and bulk-doped semiconductor with at least one portion having a 
smallest width of less than 500 nanometers; at least one of the structures is a doped 
semiconductor that is at least one of the following: a single crystal, an elongated and bulk- 
doped semiconductor that, at any point along its longitudinal axis, has a largest cross- 
sectional dimension less than 500 nanometers, and a free-standing and bulk-doped 
semiconductor with at least one portion having a smallest width of less than 500 
nanometers; the doped semiconductor comprises a semiconductor selected from a group 
consisting of: Si, Ge, Sn, Se, Te, B, Diamond, P, B-C, B-P(BP6), B-Si, Si-C, Si-Ge, Si-Sn 
and Ge-Sn, SiC, BN/BP/BM AIN/AlP/AlAs/AlSb, 

IhN/InP/InAs/InSb, BN/BP/B As, AlN/AlP/AlAs/AlSb, GjQST/GaP/GaAs/GaSb, 
..InN/InP/InAs/InSb,.ZnO/ZnS/ZnSe/Z^ 

BeS/BeSe/BeTe/MgS/MgSe, GeS, GeSe, GeTe, SnS, SnSe, SnTe, PbO, PbS, PbSe, PbTe, 
CuF, CuQ, CuBr, Cul, AgF, AgCl, AgBr, Agl, BeSiN2, CaCN2, ZnGeP2, CdSnAs2, 
ZnSnSb2, CuGeP3, CuSi2P3, (Cu, Ag)(Al, Ga, In, Tl,>e)(S, Se, Te)2, Si3N4, Ge3N4, 
AI203, (Al, Ga, In)2(S, Se, Te)3, A12CO; the doped semiconductor comprises a dopant 
selected from a group consisting of:: a p-type dopant from Group IH of the periodic table; 
an n-type dopant from Group V of the periodic table; a p-type dopant selected from a 
group consistii^ of: B, Al and In; an n-lype dopant selected from a group consisting of: P, 
As and Sb; a p-type dopant from Group II of the periodic table; a p-type dopant selected 
from a group consisting of: Mg, Zn, Cd and Hg; a p-type dopant from Group IV of the 
periodic table; a p-type dopant selected &om a group consisting of: C and Si.; and an n- 
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type is selected firom a group consisting of: Si, Ge, Sn, S, Se and Te; the doped 
semiconductor is doped during growth of Ihe semiconductor. 

In yet another embodiment, provided is a system for assembling one or more 
elongated structures on a sur&ce, wherein one or more of the elongated structures are at 
5 least one of the following: is at least one of the following: a single crystal, an elongated 
and biilk-doped semiconductor tiiat, at any point along its longitudinal axis, has a largest 
cross-sectional dimension less than 500 nanometers, and a free-standing and bulk-doped 
semiconductor with at least one portion having a smallest width of less than 500 
nanometers, and wherein the system comprises: means for conditioning the sxirface with 
10 one or more functionalities that attract the one or more elongated structures to particular 
positions on the surface, and means for aligning the one or more elongated structures by 
attracting the one or more elongated structures to the particular positions using the one or 
more functionalities. 

In additional aspects of this embodiment at least one of the elongated structures 
15 are semiconductors; at least one of the elongated structures are doped semiconductors; at 
least one of the elongated structures are bulk-doped semiconductors; at least one of the 
structures is a doped single-crystal semiconductor at least one of the structures is an 
elongated and bulk-doped semiconductor that, at any point along its longitudinal axis, has 
a largest cross-sectional dimension less than 500 nanometers; at least one of the structures 
20 is a fiee-standing and bulk-doped semiconductor with at least one portion having a 
smallest width of less than 500 nanometers; at least one of the structures is a doped 
semiconductor that is at least one of Ihe following: a single crystal, an elongated and bulk- 
■ 'ddpedserideejaductDr that,^^^^^ 
sectional dimension less than 500 nanometers, and a free-standing and bulk-doped 
25 semiconductor with at least one portion having a smallest width of less than 500 

nanometers; the doped semiconductor comprises a semiconductor selected from a group 
consisting of: Si, Ge, Sn, Se, Te, B, Diamond, P, B-C, B-P(BP6), B-Si, Si-C, Si-Ge, Si-Sn 
and Ge-Sn, SiC, BN/BP/BAs, AlN/AlP/AlAs/AlSb, GaN/GaP/GaAs/GaSb, 
InN/InP/InAs/InSb, BN/BP/BAs, AlN/AIP/AlAs/AlSb, GaN/GaP/GaAs/GaSb, 
30 InN/InP/InAs/InSb, ZaO/ZDS/ZoSQ/Zale, CdS/CdSe/CdTe, HgS/HgSe/HgTe, 

BeS/BeSe/BeTe/MgS/MgSe, GeS, GeSe, GeTe, SnS, SnSe, SnTe, PbO, PbS, PbSe, PbTe, 
CuF, CuCl, CuBr, Cul, AgF, AgCl, AgBr, Agl, BeSiN2, CaCN2, ZnGeP2, CdSnAs2, 
ZnSnSb2, CuGeP3, CuSi2P3, (Cu, Ag)(Al. Ga, In, H, Fe)(S, Se, Te)2, Si3N4, Ge3N4, 
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A1203, (Al, Ga, In)2(S, Se, Te)3, A12C0; Ihe doped semiconductor comprises a dopant 
selected from a groiq) consisting pfi: a p-type dopant from Group HI of the periodic table; 
an n-type dopant from Group V of the periodic table; a p-type dopant selected from a 
group consisting of: B, Al and In; an n-tjTpe dopant selected from a group consisting of: P, 
As and Sb; a p-lype dopant &om Qrovp U of the periodic table; a p-type dopant selected 
from a group consisting of: Mg, Zn, Cd and Hg; a p-type dopant from Qtovtp IV of the 
periodic table; a p-type dopant selected from a group consisting of: C and Si.; and an n- 
type is selected from a group consisting of: Si, Ge, Sn, S, Se and Te; the doped 
semiconductor is doped during growth of the semiconductor. 

In another embodiment, provided is a systrai for assembling a plurality of 
elongated structures on a surface, wherein one or more of the elongated structures are at 
least one of the following: is at least one of the following: a single crystal, an elongated 
and bulk-doped semiconductor that, at any point along its longitudinal axis, has a largest 
cross-sectional dimension less than 500 nanometers, and a free-standing and bulk-doped 
semiconductor with at least one portion having a smallest width of less than 500 
nanometers, and wherein the system comprises means for depositing &e plurality of 
elongated structures onto the sur&ce; and means for electrically charging the surface to 
produce electrostatic forces between two or more of the plurality of the elongated 
structures. 

In additional aspects of this ^bodiment: at least one of the elongated structures 
are semiconductors; at least one of the elongated structures are doped semiconductors; ^at 
least one of the elongated stmctures are bulk-doped semiconductors; at least one of the 
^ structures is a doped'single^aystal seiniconductor; at least on - 
elongated and bulk-doped semiconductor that, at any point along its longitudinal axis, has 
a largest cross-sectional dimension less than 500 nanometers; at least one of the structures 
is a free-standing and bulk-doped semiconductor with at least one portion having a 
smallest width of less than 500 nanometers; at least one of die structures is a doped 
semiconductor that is at least one of the following: a single crystal, an elongated and bulk- 
doped semiconductor that, at any point along its longitudinal axis, has a largest cross- 
sectional dimension less than 500 nanometers, and a free-standing and bulk-doped 
semiconductor with at least one portion having a smallest width of less than 500 
nanometers; the doped semiconductor comprises a semiconductor selected from a groiq) 
consisting of: Si, Ge, Sn, Se, Te, B, Diamond, P, B-C, B-P(BP6), B-Si, Si-C, Si-Ge, Si-Sn 
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and Ge-Sn, SiC, BN/BP/BAs, AIN/AlP/AlAs/AlSb, GaN/GaP/GaAs/GaSb, 
InN/InP/InAs/IiiSb, BN/BP/BAs, AlN/AlP/AIAs/AlSb, GaN/GaP/GaAs/GaSb, 
MNf/InP/InAs/InSb, ZnO/ZnS/ZnSe/ZnTe, CdS/CdSe/CdTe, HgS/HgSe/HgTe, 
BeSyBeSe/BeTe/MgS/MgSe, GeS, GeSe, GeTe, SnS, SnSe, SnTe, PbO, PbS, PbSe, PbTe, 
CuF, CuCl, CuBr, Cul, AgF, AgCl, AgBr, Agl, BeSiN2, CaCN2, ZnGeP2, CdSnAs2, 
.ZnSnSb2, CuGeP3, CuSi2P3, (Cu, Ag)(Al, Ga, In, Tl, Fe)(S, Se, Te)2, Si3N4, Ge3N4, 
A1203, (Al, Ga, In)2(S, Se, Te)3, AI2C0; the doped semiconductor comprises a dopant 
selected from a group consisting of:: a p-type dopant from Group m of the periodic table; 
an n-type dopant from Group V of the periodic table; a p-type dopant selected from a 
group consisting of: B, Al and In; an n-type dopant selected from a group consisting of: P, 
As and Sb; a p-type dopant from Group II of the periodic table; a p-type dopant selected 
from a group consisting of: Mg, Zn, Cd and Hg; a p-type dopant from Group IV of the 
periodic table; a p-type dopant selected from a group consisting of: C and Si.; and an n- 
type is selected from a group consisting of: Si, Ge, Sn, S, Se and Te; the doped 
semiconductor is doped during growth of the semiconductor. 

In another embodiment, provided is a system for assembling a plurality of 
elongated structures on a sur&ce, wherein one or more of the elongated structures are at 
least one of the following: is at least one of the following: a single crystal, an elongated 
and bulk-doped senuconductor tha^ at any point along its longitudinal axis, has a largest 
cross-sectional dimension less lhan 500 nanometers, and a free-standing and bulk-doped 
semiconductor with at least one portion having a smallest width of less than 500 
nanometers, and wherein the system comprises: means for dispersmg the one or more 

dongated sthietores on a surface of a Uquid phase to^fdroii^Langmuir-B^ 

means for compressing the Langmuir-Blodgett film; and means for transferring the 
compressed Langmuir-BIodgett film onto a surface. 

In additional aspects of ibis embodiment: at least one of tiie elongated structures 
are semiconductors; at least one of the elongated structures are doped semiconductors; at 
least one of the elongated structures are bulk-doped semiconductors; at least one of the 
structures is a doped single-costal semiconductor; at least one of the structures is an 
elongated and bulk-doped semiconductor that, at any point along its longitudinal axis, has 
a largest cross-sectional dimension less than 500 nanometers; at least one of the structures 
is a free-standing and bulk«doped semiconductor with at least one portion having a 
smallest width of less than 500 nanometers; at least one of the structures is a doped 
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semiconductor that is at least one of the following: a single crystal, an elongated and bulk- 
doped semiconductor that, at any point along its longitudinal axis, has a largest cross- 
sectional dimension less than 500 nanometers, and a firee-standing and bulk-doped 
semiconductor with at least one portion having a smallest width of less than 500 
5 nianometers; the doped semiconductor comprises a semiconductor selected from a group 
consisting of: Si, Ge, Sn, Se, Te, B, Diamond, P, B-C, B-P(BP6), B-Si, Si-C, Si-Ge, Si-Sn 
and Ge-Sn, SiC, BN/BP/BAs, AlN/AlP/AlAs/AlSb, GaN/GaP/GaAs/GaSb, 
^ IriN/InP/InAs/InSb,BN/BP/BMAIN/^^ 

IiiN/faP/InAs/InSb, ZnO/ZnSyZnSe/ZnTe, CdS/CdSe/CdTe, HgS/HgSe/HgTe, 

10 BeS/BeSe/BeTe/MgS/MgSe, GeS, GeSe, GeTe, SnS, SnSe, SnTe, PbO, PbS, PbSe, PbTe, 
CuF, CuCl, CuBr, Cul, AgF, AgCl, AgBr, Agl, BeSiN2, CaCN2, ZnGeP2, CdSnAs2, 
ZnSnSb2, CuGeP3, CuSi2P3, (Cu, Ag)(Al, Ga, In, Tl, Fe)(S, Se, Te)2, Si3N4, Ge3N4, 
A1203, (Al, Ga, In)2(S, Se, Te)3, A12C0; the doped semiconductor comprises a dopant 
selected from a groxip consisting of:: a p-type dopant from Group m of the periodic table; 

15 an n-type dopant from Group Vofthe periodic table; a p-type dopant selected from a 

group consisting of: B, Al and In; an n-type dopant selected from a group consisting of: P, 
As and Sb; a p-type dopant from Group n of the periodic table; a p-type dopant selected 
from a groiq) consisting of: Mg, Zn, Cd and Hg; a p-type dopant from Group IV of the 
periodic table; a p-type dopant selected from a group consisting of: C and Si.; and an n- 

20 type is selected from a group consisting of: Si, Ge, Sn, S, Se and Te; the doped 
semiconductor is doped during growth of the s^niconductor. 

In another embodiment, provided is a system for assembling a plurality of one or 
more elongated structures on a suifiu5e,.whereinat.lMsljpM — 
at least one of the following: a single crystal, an elongated and bulk-doped semiconductor 

25 that, at any point along its longitudinal axis, has a largest cross-sectional dimension less 
than 500 nanometers, and a free-standing and bulk-doped semiconductor with at least one 
portion havmg a smallest widtii of less than 500 nanometers, and wherein the system 
comprises: means for dispersing the one or more elongated stnictures in a flexible matrix; 
means for stretching the flexible matrix in a direction to produce a shear force on the one 

30 or more elongated structures that causes the at least one elongated structure to align m the 
direction; means for removing the flexible matrix; and means for transferring the at least 
one aligned elongated structure to a surfece. 

In additional aspects of this embodknent: at least one of the elongated structures 
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are semiconductors; at least one of the elongated structures are doped semiconductors; at 
least one of the elongated structures are bulk-doped semiconductors; at least one of the 
structures is a doped single-crystal semiconductor; at least one of the structures is an 
elongated and bulk-doped semiconductor that, at any point along its longitudinal axis, has 
5 a largest cross-sectional dimension less than 500 nanometers; at least one of the structures 
is a free-standing and bulk-doped semiconductor with at least one portion having a 
smallest vndHi of less than 500 nanometers; at least one of the structures is a doped 
semiconductor that is at least one of the following: a single crystal, an elongated and bulk- 
doped semiconductor that, at any point along its longitudinal axis, has a largest cross- 

10 sectional dimension less than 500 nanometers, and a free-standing and bulk-doped 
semiconductor with at least one portion having a smallest width of less than 500 
nanometers; the doped semiconductor compiises a semiconductor selected from a group 
consisting of: Si, Ge, Sn, Se, Te, B, Diamond, P, B-C, B-P(BP6), B-Si, Si-C, Si-Ge, Si-Sn 
and Ge-^n, SiC, BN/BP/BAs, AIN/AIP/AIAs/AISb, GaN/GaP/GaAs/GaSb, 

15 InN/InP/[nAs/InSb, BN/BP/BAs, AIN/AlP/AlAs/AlSb, GaN/GaP/GaALs/GaSb, 
IriN/InP/InAs/InSb, ZaO/ZaS/Zt^e/ZaTe, CdS/CdSe/CdTe, HgS/HgSe/HgTe, 
BeS/BeSe/BeTe/MgS/MgSe, GeS, GeSe, GeTe, SnS, SnSe, SnTe, PbO, PbS, PbSe, PbTe, 
CuF, CuCl, CuBr, Cul, AgF, AgCl, AgBr, Agl, BeSiN2, CaCN2, ZnGeP2, CdSnAs2, 
ZnSnSb2, CuGeP3, CuSi2P3, (Cu, Ag)(Al, Ga, In, Tl, Fe)(S, Se, Te)2, Si3N4, Ge3N4, 

20 A1203, (Al, Ga, In)2(S, Se, Te)3, A12C0; the doped semiconductor comprises a dopant 
selected from a group consisting of:: a p-type dopant from Group in of the periodic table; 
an n-type dopant from Group V of the periodic table; a p-type dopant selected from a 
group consisting of: B, AJ and Li; an n-type dopant selected from a groiip consisting of: P, 
As and Sb; a p-^e dopant from Group n of the periodic table; a p-type dopant selected 

25 from a group consisting of: Mg, Zn, Cd and Hg; a p-type dopant from Group IV of the 
periodic table; a p-type dopant selected from a group consisting of: C and Si; and an n- 
type is selected from a group consisting of: Si, Ge, Sn, S, Se and Te; the doped 
semiconductor is doped during growth of the sendconductor. 

The features and advantages of the embodiments desoibed above and other 

30 features and advantages of these embodiments will be more readily understood and 
appreciated from the detailed description below, which should be read together with the 
accompanying drawing Figs. 
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BRIEF DESCRIPTTON OF THE DRAWINGS 

For a better understanding of the present invention, reference is made to the 
accompanying drawings, which are mcotporated herein by reference and in which: 

Fig* 1 is a perspective view of an example of a semiconductor article, or nanowire, 
J in accordance with ah embodiment of the invention; 

Fig. 2 is a sinxplified schematic diagram of an example of a laser assisted catalytic 
growth process for fabrication of semiconductor nanowires; 

Fig. 3 is a schematic diagram that iUustrates nanowire growth; 

Fig. 4 is a schematic diagram that illustrates an example of a method for 
10 controlling nanowire diameter; 

Fig. 5 is a schematic diagram that illustrates nanowire fabrication by deposition on 
the edge of surfece steps; 

Fig. 6 is a schematic diagram that illustrates nanowire growth by vapor deposition 
in or on an elongated template; 
1 5 Figs. 7A-7E illustrate orthiogonal assembly of semiconductor nanowires to form 

devices; 

Figs. 8A-8C show silicon nanowire current as a function of bias voltage for 
different doping levels and gate voltages; 

Figs. 9A and 9B show silicon nanowire current as a function of bias voltage for 
20 different phosphorous doping levels and g3te voltages; 

Figs. lOA and lOB show energy band diagrams for p-type and n-type silicon 
nanowire devices, respectivdy; 

Figs. llA arid 1 IB show temperature dependent curxent^voltage cu^ 

on a heavily boron doped silicon nanowire; 
2j Fig. 12 is a schematic diagram that depicts the use of monodispersed gold colloids 

as catalysts for the growth of well-defined GaP semiconductor nanowures; 

Fig. 13A shows a FE-SBM image of nanowires synthesized ftom 28.2 nanometer 
colloids; 

Fig. 1 3B shows a TEM image of another wire in the sample; 
30 Figs, 14A-14C show histograms of measured diameters for wires grown from 

different diameter colloids; 
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Fig. 14D shows a histogram of diameters for vnxes grown using the previous 
method without colloids, in which the laser is used to both generate the gold nanoclusters 
and the OaP reactants; 

Fig. 15 shows a pseudobinary phase diagram for gold and gallium arsenide; 

Figs. 16A-16C show F&SEM images of different nanbwires prepared by laser 
assisted catalytic growth; 

Fig. 17A shows a diffraction contrast TEM im^e of an approximately 20 
nanometer diameter gallium arsenide nanowire; 

Figs. 17B-17D show high resolution TEM images of different diameter nanowires; 

Fig. 1 8 A shows a FE-SEM image of CdSe nanowires prepared by laser assisted 
catalytic growth; 

Fig. 18B shows a diffraction contrast TEM image of an 18 nanometer diameter 
CdSe nanowu:e; . 

Fig. 1 8C shows a high resolution TEM image of an approximately 13 nanometer 
diameter CdSe nanowire; 

Fig. 19 is a schematic diagram showmg GaN nanowire grow& by laser assisted 
catalytic growth; 

Fig. 20A shows a FE-SEM image of bulk GaN nanowire synthesized by laser 
assisted catalytic growth; 

Fig. 20B shows a PXRD pattern recorded on bulk GaN nanowires; 

Fig. 21 A shows a diffraction contrast TEM image of a GaN nanowire that 
terminates in a &ceted nanoparticle of higher contrast; 

' " Figr2IB shbw^ 

approximately 10 nanometers; 

Figs, 22A-22C illustrate doping and electrical transport of InP nanowires; 

Figs. 23A-23D illustrate crossed nanowire junctions and electrical properties; 

Figs. 24A-24D illustrate optoelectrical characterization of nanowire P-N junctions; 

Fig. 25A shows an EL image taken from a p-type Si and n-type GaN nanojunction; 

Fig. 25B shows current as a function of voltage for varioiis gate voltages; 

Fig. 25C shows an EL spectrum for the nanojunction of Figs. 2SA; 

Figs. 26A-26D illustrate parallel and orthogonal assembly of nanowhres with 
electric fields; 

Figs. 27A-27F illustrate crossed silicon nanowire junctions; 
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Figs. 28A-28D illustrate n*"pn crossed silicon nanowire bipolar transistors; 
Figs. 29A-29D illustrate complementary invertes and tunnel diodes; 
Figs. 30A and SOB are schematics of fluidic channel structures for flow assembly; 
Figs. 3 1 A-3 ID illustrate parallel assembly of nanowire arrays; 
5 Figs. 32A-32D illustrate assembly of periodic nanowire arrays; and 

Figs. 33A-33E illustrate layer-by-layer assembly and transport measurements of 
crossed nanowire arrays. 

DETAILED DESCRIPTION 

10 The present invention provides, in one aspect, techniques for controlled doping of 

materials such as semiconductors at a veiy small spatial scale, and arrangement of doped 
materials in position relative to each other to create useful devices. One set of 
embodiments involves doping of a semiconductor, with a dopant (e.g., boron, aluminum, 
phosphorous, arsenic, etc.) selected according to whether an n-type or p-type 

15 semiconductor is desired. 

In various embodiments, this invention involves controlled doping of 
semiconductors selected from among indium phosphide, gallium arsenide, gallium nitride, 
r^ffminm selcnide, and zinc selenide. Dopants including, but not limited to, zinc, 
cfldmiiTm, or maguesium can be used to form p-type sraiiconductors in fliis set of 

20 embodiments, and dopants including, but not limited to, tellurium, sulfiir, selenium, or 
geimanium can be used as dopants to form n-type semiconductors firom Ihese materials. 
These m^^fl^« define direct band g^ semiconductor materials and these and doped 
siKcon are w-eU known-to those of ordinary-sIdU^ 

contemplates use of any doped silicon or direct band gap semiconductor materials for a 

25 variety of uses. 

As used hexem, a 'Svidth"* of an article is a distance of a straight line fix>m apoint 
on a perimeter of the article through tiie center of the article to another point on the 
perimeter of the article. As used herein, a "width" or "cross-sectional dimension" at a 
point along the longitudinal axis of an elongated article is a distance along a straight line 

BO that passes through the center of the cross-section at the point and that connects two points 
on the perimeter of the cross section. 
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As used herein, an ''elongated" article (e.g., semiconductor or section thereof) is 
an article for which, at any pomt along the longitudinal axis of the article, a ratio of the 
length of the article to the largest widlh at the point is greater than 2: 1 . 

As used herein, the "longitudinal axis" of an elongated article is an axis along a 
largest dimension of the article. 

As used herein, the "length" of an elongated article is a distance along the 
longitudinal axis from end to end of the article. 

As used herein, a "longitudinal section" of an elongated article is a portion of the 
elongated article along the longitudinal axis of the elongated article than can have any 
length greater than zero and less than or equal to the length of the article. 

As used herein, a "cross-section" at a pomt along the longitudinal axis of an 
elongated article is a plane at the point across the elongated article that is orthogonal to the 
longitudinal axis of the article. 

As used herein, a "cylindrical" article is an article having an exterior shaped like a 
cylinder, but does not de£ne or reflect any properties regarding the interior of the article. 
In other v^rds, a cylindrical article may have a solid interior or may have a hoUowed-out 
interior. 

As used herein, a **nanowire" or "NW" is an elongated semiconductor, i.e., a 
nanoscale semiconductor, that at any point along its length has at least one cross-sectional 
dimension and, in some embodiments, two orthogonal cross-sectional dimensions less 
than 500 nanometers, preferably less than 200 nanometers, more preferably less than 150 
nanometers, still more preferably less than 100 nanometers, even more preferably less than 
70, stiU more prefei^ly less than^O nanometers, even more preferably less than 20 
nanometers, still more preferably less tiian 1 0 nanometers, and even less than 5 
nanometers. The cross-section of the elongated semiconductor may have any arbitrary 
shape, including, but not limited to, circular, square, rectangular, elliptical. Regular and 
irregular shapes are included. 

As used herem, a "nanotube" or ^'NT" is a nanowire that has a hollowed-out core. 

As used herein, a "bulk-doped" article (e.g. semiconductor or section thereoQ is an 
article for which a dopant is incorporated substantially throughout tiie crystalline lattice of 
the article, as opposed to an article in which a dopant is only incorporated in particular 
regions. For example, some articles such as carbon NTs typically are doped after the base 
material is grown, and thus tiie dopant only extends a finite distance from the surface or 
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exterior of the carbon NT into the interior of the crystal line lattice, Fiirther, carbon NTs 
are often combined as nested tubes foiming alternating layers of base material and doped 
base material such that the dopant is not incorporated tiaroughout the crystal line lattice of 

5 As used herein to describe a '^nanowire" or 'WV", **doped" means bulk-doped. 

Accordingly, as used herein, a "doped nanowire" or "doped NW" is a bulk-doped 
nanowire 

As used herein, an "array" of articles (e.g., nanowires) comprises a plurality of the 
articles. As used herein, a "crossed array*' is an array where at least one of the articles 

10 contacts either another of the articles or a signal node (e.g., an electrode). 

As used herein, a first article (e.g., a nanowire or larger-sized structure) "coupled" 
to a second article is disposed such that the first article either physically contacts the 
second article or is proxhnate enough to the second article to influence a property (e.g., 
electrical property, optical property, magnetic property) of the second article. 

15 Thus, the present invention contemplates, in one aspect, an elongated 

semiconductor that has a smallest width of less than 500 nanometers that is doped in any 
way (n-lype or p-type). In other embodiments, the semiconductor may have a smallest 
width less than about 200 nanometers, less than about 150 nanometers, or less than about 
100 nanometers. Preferably, the semiconductor has a smallest width of less than about 80 

20 nanometers, more preferably less than about 70 nanometers, preferably less than about 50 
nanometers. Smaller widths, such as those with at least one dimension of less tiian about 
20 nanometers, less than about 10 nanometers, or less than about 5 nanometers also are 

" included. In some embodtoents, two orthbgdM ^ 
elongated semiconductor may be less than the values given above. The aspect ratio, i.e., 

25 the ratio of semiconductor length to largest width, is greater than 2: 1 . In other 

embodiments, the aspect ratio may be greater than 4:1, greater than 10:1, greater than 
1 00: 1 or even greater tiian 1 000: 1 . Semiconductors such as these, at very small 
dimensions, find a variety of uses as described below. 

Fig. 1 is a perspective diagram illustrating an example of a cylindrical 

30 semiconductor LI, for example, a wire-like semiconductor such as a nanowire. The 
cylindricd semiconductor LI has a lengfliL2 and a longitudiiial axis L3. AtapointL5 
along the longitudinal axis L3, the cylhidrical semiconductor LI has a plurality of widths 
L4 across cross-section L6, where one of the widths L4 is a smallest width at the pomt L5. 
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Such semiconductors may be free-standing. As used herein, a ^'free-standing" 
article is an article that at some point in its life is not attached to another article or that is in 
solution. 

Further, such a semiconductor may be a buIk-4oped semiconductor. As used 
herein, a "bulk-doped semiconductor" article (e.g. article or section of an article) is a 
semiconductor for which a dopant is incorporated substantially throughout the crystalline 
lattice of the semiconductor, as opposed to a semiconductor in which a dopant is only 
iacoipdrated in particular regions. For example, some semiconductors such as NTs 
typically are doped after the senuconductor is grown, and thus the dopant only extends a 
finite distance from the surface or exterior of the nanotube into the interior of the 
ciystalline lattice. Further, NTs are often combined as nested tubes (Le. cylinders) 
forming alternating layers of semiconductor and doped semiconductor such that the dopant 
is not incorporated throughout the crystalline lattice of the semiconductor. It should be 
understood tiiat "^ulk-doped" does not define or reflect a concentration or amount of 
doping in a semiconductor, nor does it indicate that the doping is necessarily uniform. 

For a doped semiconductor, the semiconductor may be doped dining growth of the 
semiconductor. Doping the semiconductor during growth may result in the property that 
the doped semiconductor is bulk-doped. Furttier, such doped s^conductors may be 
controllably doped, such that a concentration of a dopant within the doped semiconductor 
can be controlled and therefore reproduced consistently, making possible die conomercial 
production of such semiconductors. 

A variety of devices may be fabricated using semiconductors such as those 
described above. Such devices include elecHcal de\^^ 
devices or any combination thereof, including opto-electronic devices and 
electromechanical devices. 

In an embodiment a field effect transistor (FET) is produced using a doped 
semiconductor having a smallest width of less than 500 nanometers or other width 
described above. The doped semiconductor can be either a p-type or n-type 
semiconductor, as is known by those of ordinary skill in the art in FET fribricatioiL While 
FEts are known using nanotubes, to the inventors* knowledge, prior arrangements select 
nanotubes at random, without control over vdiether the nanotube is metallic or 
semiconducting. In such a case a very low percentage of devices are functional, perhaps 
less tiian one in twenty, or one in fifty, or perhaps approximately one in one hundred. The 
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present invention contemplates controlled doping of nano wes such that a &brica1ion 
process can involve fiabricadng fimctional FETs according to a technique in which na.uch 
greater than one in jSfty devices is functional. For example, the technique can involve 
doping a nano wire, then fabricating an FET therefirom. 
5 The invention also provides lightly-doped complanentaiy inverters 

(complementary metal oxide semiconductors) arranged simply by contact of an n-type 
semiconductor witii a p-type semiconductor, for example by arrangement of ax)ssed n- 
type and p-type semiconducting nanowires as shown below. 

Also provided in accordance with the invention are tunnel diodes with heavily- 

10 doped semiconducting components. A tunnel diode can be arranged similarly or exactly 
the same as a complementary inverter, with the semiconductors being heavily doped rather 
-than lightly doped. "Heavily doped" and "lightly doped" are terms the meaning of which 
is clearly understood by those of ordinary skill in the art 

One important aspect of the present invention is the ability to fabricate essentially 

15 any electronic device that can benefit fiom adjacent n-type and p-type semiconducting 
components, where the components are pre-febricated (doped, in individual and separate 
processes with components separate from each other when doped) and then brought into 
contact after dopmg. This is in contrast to typical prior art arrangenients in which a single 
semiconductor is n-doped in one region and p-doped in an adjacent region, but the n-^e 

20 semiconductor region and p-type semiconducting regions are initially adjacent prior to 
doping and do not move relative to each o&er prior to or after doping. That is, n-^e and 
p-type semiconductors, initially in non-contacting arrangement, are brought into contact 
' with each other to form a useful electronic device.' EssentiaUy any device can be madem 
accordance with this aspect of the mvention that one of ordinary skill in the art would 

25 desirably make using n-type and p-type semiconductors in combinatioiL Examples of 

such devices include, but are not limited to, field efifect transistors (FETs), bipolar jmction 
transistors (B JTs), tunnel diodes, complementary inverters, light emittmg devices, light 
sensing devices, gates, inverters, AND, NAND, OR, and NOR gates, latches, flip-flops, 
registers, switches, clock circuitry, static or dynamic memory devices and arrays, state 

30 machines, gate arrays, and any other dynamic or sequential logic or other digital devices 
including programmable circuits. Also mcluded are analog devices and circuitry, 
including but not Imiited to, anq)lifiers, switches and other analog circuitry using active 
transistor devices, as well as mixed signal devices and signal processix^ circuitry. 
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Electronic devices incoxporadng semiconductor nanowiies can be controlled, for 
example, by electrical, optical or magnetic signals. The control may uivolve switching 
between two or more discrete states or may involve continuous control of nanowire 
current, i.e., analog control. In addition to electrical signals, optical signals and magnetic 
signals, the devices may be controlled as follows: 

(1) The device is switchable in response to biological and chemical species, for 
example, DNA, protein, metal ions. In more general sense, these species 
are charged or have dipole. 

(2) The device is switchable in response to the. mechanical stretching, vibration 
and bending. 

(3) Hie device is switchable in response to the tempemture. 

(4) The device is switchable in response to the environmental pressure. 

(5) The device is switchable in response to the movement of environmental gas 
or liquid. 

Many devices of the invention make particular use of crossed p/n junctions which 
can be junctions of crossed n-type and p-type nanowires. Crossed p/n junctions are 
defined by at least one n-type semiconductor and at least one p-type semiconductor, at 
least one portion of each material contacting at least one portion of the other material, and 
each semiconductor including portions that do not contact the other component. They can 
be arranged by pre-doping the nanowkes, then bringing them into proximity with each 
other using techniques described below. 

Light-emission sources are provided in accordance with the invention as well, in 
which electrons and holes combine, emitting light One type of Ugjit-emission source of 
the invention includes at least one crossed p/n junction, in particular, crossed p-type and n- 
type nanowkes. In this and other arrangements of the mvention usmg crossed nanowires, 
the wires need not be perpendicular, but can be. When forward biased (positive charge 
^plied to the p-type wire and a negative charge applied to the n-type vnie) electroizs flow 
toward the junction in the n-type wke and holes flow toward the junction m the p-type 
wire. At thejunctioii, holes arid electrons combine, einitting light Other techniques may 
be used to cause one or more nanowires, or other semiconductors to emit light, as 
described below in more detail. 

At the size scale of the invention (nanoscale) the wavelengdi of light emission can 
be controlled by controlling the size of at least one, and preferably botii components that 
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aie crossed to form the Hg^t-^mittmg jimctioa For example, where nanowires are used, a 
nanovvire with larger smallest dimension (broader wire) will provide emission at a lower 
frequency. For example, in the case of indimn phosphide, at size scales associated with 

typXCm JLCLUIIWCILLUJUL UtlU^Cao&Q, Uib llAGUiMkJkUiX w*JHfcUJ .^mW i in i i w A**wfcw* u» a uaw wmhw ww%m.<*^m 

5 the present invention the wavelength of emission can be controlled to be at wavelengths 
shorter than 920 nanometers, for example between 920 and 580 nanometers. Wavelengths 
can be selected within this range^ such as 900, 850, 800, 750, 700 nanometers, etc., 
depending upon wire size. 

Thus, one aspect of the invention involves a semiconductor light-emission source 

10 that emits at a higher frequency than the semiconductor causing emission emits in its bulk 
state such increase of the frequency of emission of light is often referred to herein as 
quantum confinemmt **Bulk state", in this context, means a state in which it is present as 
a component, or a portion of a component having a smallest dimension of greater than 500 
nanometers, ^ulk state" also can be defined as that state causing a material's inherent 

25 wavelength or frequency of emission. The present invention provides for such control 
over emission frequency of essmtially any semiconducting or doped semiconducting 
material. 

Assembly, or controlled placmient of nanowires on surfaces can be carried out by 
aligning nanowires using an electrical field. An electrical field is generated between 

20 electrodes, nanowires are positioned between the electrodes (optionally flowed into a 
region between tiie electrodes in a suspending fluid), and will align in the electrical field 
and thereby can be made to span flie distance between and contact each of the electrodes. 

In another arrangement individual contiact points are arranged in opposing relation 
to each other, the individual contact points being tapered to form a point directed towards 

25 each other. An electric field generated between such points will attract a single nanowire 
spanning the distance between, and contacting each ot tibe electrodes. In this way 
individual nanowires can readily be assembled between individual pairs of electrical 
contacts, Crossed-wire arrangements, including multiple orossings (multiple parallel wires 
in a first direction crossed by multiple parallel wires in a perpendicular or approximately 

30 perpendicular second direction) can readily be formed by first positionmg contact points 
(electrodes) at locations where opposite ends of the crossed wures desirably will lie. 
Electrodes, or contact pomts, can be febricated via typical microfebrication techniques. 
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These assembly techniques can be substituted by, or complemented wifh, a 
positioning arrangement involving positioning a fluid flow directing apparatus to direct 
fluid containing suspended nanowires toward and in the direction of alignment with 
locations at which nanowires are desirably positioned. A nanowire solxition can be 
prepared as follows. After nanowires are synthesized, they are transferred into a solvent 
(e.g., ethanol), and then are sonicated for several seconds to several minutes to obtain a 
stable suspension. 

Another arcangement involves forming surfaces including regions that selectively 
attract nanowires surrounded by regions that do not selectively attract them. For example, 
-MH2 can be presented in a particular pattem at a surface, and that pattern will attract 
nanowires or nanotubes having sur&ce functionality attractive to amines. Sur&ces can be 
patterned using known techniques such as electron-beam pattemmg, *'soft-lithogmphy" 
such as that described in International Patent Publication No. WO 96/29629, published 
July 26, 1996, or U.S. Patent No. 5, 512,131, issued April 30, 1996, each of which is 
incoxporated herein by reference. Additional techniques are described in U.S. Patent 
Application Serial No. 60/142,21 6, filed July 2, 1999, by Lieber, et al., incorporated herein 
by reference. Fluid flow channels can be created at a size scale advantageous for 
placement of nanowires on surfaces using a variety of techniques such as those described 
in International Patent Publication No. WO 97/33737, published September 18, 1997, and 
incorporated herein by reference. Other techniques include those described in U.S. Patent 
Application Serial No. 09/578,589, filed May 25, 2000, and incorporated herein by 
reference. 

Figs. 7A-7E show one such technique for creating a fluid flow channel using a 
polydimethyl siloxane (PDMS) mold. Channels can be created and applied to a sur&ce, 
and a mold can be removed and re-applied in a different orientation to provide a cross 
flow arrangement or different arrangement 

The flow channel arrangement can include channels havmg a smallest width of less 
than 1 nuUimeter, preferably less than 0.5 millimeter, 200 microns or less. Such channels 
are easily made by fabricating a master by using photolithography and casting PDMS on 
the master, as described in the above-referenced patent applications and international 
publications. Larger-scale assembly is possible as welL The area that can be patterned 
with nanowire arrays is defined only by the feature of the channel which can be as large as 
desired 
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Semiconductor nanowires have a crystalline core sheathed with 1-10 nm thick of 
amorphous oxide. This allows sur&ce modification to termmate the sur&ce with various 
functional groups. For example, we can xise molecules, one end of which is alkylox/silane 
group (e.g. -Si(0CH3)) reacting with nanowire surface, the other end of which comprise 
(1) -CH3, -COOH,- NH2, -SH, -OH, hydrazide, and aldehyde groups. (2) light activatable 
moieties: aryl azide, fluorinated aryl azide, benzophenone etc. . The substrate and 
electrodes are also modified with certain functioiial groups to allow nanowires to 
specifically bind or not bind onto the substrate/electrodes surface based on the their 
interaction. 

Surface-fimctionalized nanowires can also be coupled to the substrate surface with 
functional cross-linkers, e.g. (1) Homobifunctional cross-linkers, comprising 
homobifunctional NHS esters, homobifunctional imidoesters;, homobifunctional 
sulfhydryl-reactive linkers, difiuorobenzene derivatives, homobifunctional photoactive 
linkers, homobifunctional aldehyde, bis-epoxides, homobifunctional hydar^ide etc. (2) 
Heterobifimtional cross-linkers (3)Trifuntional cross-lmkers 

The assembly of nanowires onto substrate and electrodes can also be assisted using 
bimolecular recognition. For example, we can immobilize one biological binding partner 
onto the nanowire surface and the other one onto substrate or electrodes using physical 
adsorption or covalently linldng. Some good bio-recognitions are: DNA hybridization, 
antibody-antigen binding, biotin-avidin (or streptavidin) bindmg. 

There are many techniques that may be used to grow bulk-doped semiconductors, 
such as nanowires, and for doping such nanowires during growth. 

For example, SINHiVs (elongated nanoscale semiconductors) may be ^ttesized 
using las^ assisted catalytic growth (LCG). As shown in Figs. 2 and 3, laser vaporization 
of a composite target that is composed of a desired material (e.g. InP) and a catalytic 
material (e.g. Au) creates a hot, dense vapor which quickly condenses into liquid 
nanoclusters through collision with the bufier gas. Growth begins when the liquid 
nanoclusters become supersaturated with the desked phase and continues as long as the 
reactant is available. Growth terminates v^en the nanowkes pass out of the hot reaction 
zone or when the temperature is turned down. Au is generally used as catalyst for growing 
a wide range of elongated nanoscale semiconductors. However, The catalyst is not limited 
to An only, A wide rage of materials such as (Ag, Cu, Zn, Cd, Fe, Ni, Co...) can be used 
as the catalyst Generally, any metal that can form an alloy with the deshred semiconductor 
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mateiial, but doesn't fonn more stable compound than vaUi the elements of the desired 
semiconductor can be used as the catalyst The buffer gas can be Ax, N2, and others inert 
gases. Sometimes, a mixture of H2 and buffer gas is used to avoid un-desired oxidation by 
residue oxygen. Reactive gas can also be introduced when desired (e.g. ammonia for 
GaN).The key point of this process is laser ablation generates liquid nanoclusters that 
subsequently define the size and direct the growth direction of the crystalline nanowires. 
The diameters of the resulting nanowires are determined by the size of the catalyst cluster, 
which in turn can be varied by controlling the growth conditions (e.g. background 
pressure, temp^ature, flow rate. . .). For example, lower pressure generally produces 
nanowires with smaller diameters. Further diameter control can be done by using uniform 
diameter catalytic clusters. 

With same basic principle as LCO, if uniform diameter nanoclusters (less than 10- 
20% variation depending on how uniform the nanoclusters are) are used as the catalytic 
cluster, nanowires with uniform size (diameter) distribution can be produced, where the 
diameter of the nanowires is determined by the size of the catalytic clusters, as iUxistrated 
in Fig. 4. By controlling the growth time, nanowires with different lengths can be grown. 

With LCG, nanowires can be flexibly doped by introducing one or more dopants 
into the composite target (e.g. (Ge for n-type doping of InP). The doping concentration 
can be controlled by controlling the relative amount of doping element, typically 0-20%, 
introduced in the composite target. 

Laser ablation may be used as the way to generate the catalytic clusters and vapor 
phase reactant for growth of nanowires and other related elongated nanoscale structures, 
but fabrication is not limited to laser ablation, many ways can be used to generate vapor 
phase and catalytic clusters for nanowire growth (e.g. thermal evaporation). 

Another technique that may be used to grow nanowires is catalytic chemical vapor 
deposition (C-CVD). C-CVD utilizes the same basic principles as LCG, except that in the 
C-CVD me&od, the reactant molecules (e.g., silane and &e dopant) are &om vapor phase 
molecules (as opposed to vapor source from laser vaporization. 

In C-CVD, nanowires can be doped by introducing the doping element into the 
vapor phase reactant (e.g. diborane and phosphane for p-type and n-type doped nanowire). 
The doping concentration can be controlled by controlling the relative amount of the 
doping element introduced in the composite target It is not necessary to obtain elongated 
nanoscale semiconductors with the same doping ratio as that in the gas reactant However, 
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by controlling the growth conditions (e.g. temperature, pressure. . . .), nanowires with same 
doping concentration can be reproduced And the doping concentration can be varied over 
a large range by simply varying the ratio of gas reactant (e.g. lppm-1 0%). 

There are several o&er techniques that may be used to grov/ elongated nanoscale 
J semiconductors such as nanowires. Forexample,nanowiresdf any ofavarietyof 
materials can be grown directly from vapor phase through a vapor-solid process. Also, 
nanowires can also be produced by deposition on the edge of surfece steps, or other types 
of patterned surfaces, as shown in Fig, 5. Further, nanowires can be grown by vapor 
deposition in/on any general elongated template, for example, as shown in Fig. 6. The 
10 porous membrane can be porous silicon, anodic alumina or diblock copolymer and any 
other similar structure. The natural fiber can be DNA molecules, protein molecules 
carbon nanotubes, any other elongated structures. For all the above described techniques, 
the source materials can be came fi:om a solution phase rather fh^t^ a vapor phase. While 
in solution phase, the template can also be column micelles formed by surfactant 
IS molecules in addition to the templates described above. 

Using one or more of the above techniques, elongated nanoscale semiconductors, 
including semiconductor nanowires and doped semiconductor nanowires, can be grown. 
Such bulk-doped semiconductors may include various combinations of materials, 
including semiconductors and dopants. The following are non-comprehensive lists of 
such materials. Other materials may be used. Such materials include, but are not limited 
to: 

Elemental semiconductors: 

Si, Ge, Sn, Se, Te, B, Diamond, P 
Solid solution of Elemental semiconductors: 

B-C, B.P(BP6), B-Si, Si-C, Si-Ge, Si-Sn, Ge-Sn 
IVJVgroi^ semiconductors: 
Sic 

jUL-V semiconductors: 

BN/BP/BAs, AlN/AlP/AlAs/AlSb, GaN/GaP/GaAs/GaSb, InN/InP/InAs/InSb, 
Alloys of UJ-V Group: 

any combination of two or more of the above compound (e.g.: AlGaN, GaPAs, 
InPAs, GaInN, AlGalnN, GalnAsP...) 
U'VI semiconductors: 
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ZnO/ZnS/ZnSe/ZnTe, CdS/CdSe/CdTe, HgS/HgSe/HgTe, 
BeS/BeSe/BeTe/MgS/MgSe 

Alloys ofU'VI Group: any combination of two or more of the above compound (e.g.: 

(ZnCd)Se,Zn(SSe)...) 

Alloy of n^VI and JU-V semiconductors: 

combination of any one II-VI and one ni-V compounds, eg.(GaAs)x(ZnS)i-x 
JV'VI semiconductors: 

GeS, GeSe, GeTe, SnS, SnSe, SnTe, PbO, PbS, PbSe, PbTe 
I-Vn semiconductors: 

CuF, CuCl, CuBr, Cul, AgF, AgCl, AgBr, Agl 
Other semiconductor confounds 

n-IV-V2: BeSiN2,CaCN2,ZnGeP2,CdSnAs2,ZnSnSb2.,. 

MV2-V3: CuGeP3,CuSi2P3.. 

I-m-VIi: Cu,Ag)(Al,Ga,In,Tl,Fe)(S,Se,Te)2 

IV3-V4: Si3N4,Ge3N4... 

m2-VIi: Al203,(Al,Ga,In)2(S,Se,Te)3... 

m2-IV-VI:A12CO... 

For Group IV semiconductor materials, a p-type dopant may be selected from 
Group in, and an n-type dopant may be selected from Group V. For silicon 
semiconductor materials, a p-type dopant may be selected from the group consisting of B, 
Al and In, and an n-type dopant may be selected from the group consisting of P, As and 
Sb. For Group IH-V semiconductor materials, a p-type dopant may be selected from 
Group n, including Mg, Zn, Cd and Hg, or Group IV, including C and Si. An n-type 
dopant may be selected from the group consistmg of Si, Ge, Sn, S, Se and Te. It will be 
understood that the invention is not limited to these dopants. 
Examples 

Doping and Electrical Transport in Nanowircs 

Smgle crystal n-type and p-type silicon nanowires (SiNWs) have been prepared 
and characterized by electrical transport measurements. As used herem, a ''single crystal" 
item is an item that has covalent bonding, ionic bonding, or a combination thereof 
throughout the item. Such a single crystal item may include defects in the crystal, but is 
distinguished from an item that includes one or more crystals, not ionically or covalently 
bonded, but merely in close proximity to one another. Laser catalytic growth was used to 
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introduce controllably eiflier boron or phosphorous dopants during the vapor phase growth 
of SiNWs. Two taminal, gate-dependent measurements made on individual boron-doped 
and phosphorous-doped SiNWs show that these materials behave as p-type and n-^e 
maieriais, respectiveiy. Estimates of the carrier mobility made from gate-dependent 
5 transport measurements are consistent with difEusive transport. In addition, these studies 
show it is possible to heavily dope SiNWs and approach a metallic regime. Temperature- 
dependent measurements made on heavily doped SiNWs show no evidence for coulomb 
blockade at temperature down to 4.2 K, and thus testify to the structural and electronic 
uniformity of the SiNWs, Potential applications of the doped SiNWs are discussed. 
10 Currently, there is intense interest in one dimensional (ID) nanostractures, such as. 

nanowires and nanotubes, due to their potential to test fundamental concepts about how 
dimensionality and size affect physical properties, and to serve as critical building blocks 
for emerging nanotechhologies. Of particular importance to ID nanostructures is the 
electrical transport through these 'Svires", since predictable and controllable conductance 
15 will be critical to many nanoscale electronics applications. To date, most efforts have 
focused on electrical transport in carbon nanotubes. These studies have shown interesting 
fundamental features, including the existmce of coherent states extmding over hundreds 
of nanometers, ballistic conduction at room temperature, and Luttinger liquid behavior, 
and have demonstrated the potential for devices such as field effect transistors. However, 
20 there are important limitations of nanotubes. First, the specific growth of metallic or 

semiconducting tubes, which depends sensitively on diameter and helicity, is not possible. 
Studies dependent on the specific conducting behavior must thus rely on chance 
observation. Second, controlled doping of semiconducting nanotubes is not possftle, 
although it is potentially critical for devices applications. Semiconductor nanowires, 
25 however, can overcome these limitations of carbon nanotubes. These nanowires will 
remain semiconducting independent of diameter, and moreover, it should be possible to 
take advantage of the vast knowledge from the semiconductor industry to dope the 
nanowires. 

To this end, we here report the first danonstration of controlled doping of SiNWs 
30 and the characterization oftheelectricd properties of these doped iianowi^ 

transport measurements. Gate-dependent two terminal measurements demonstrate that 
boron-doped (B-doped) and phosphorous-doped (P-doped) SiNWs behave as p-type and 
n-type materials, respectively, and estimates of tibie carrier mobilities suggest diffusive 
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transport in these nanovdres. In aMtion, temperature dq)endentxneasiirementsm^ 
heavily doped SiNWs show no evidence for coulomb blockade at temperatures down to 
4.2K. 

SiNWs were synthesized using 4e laser-assisted catalytic growth (LCG) we have 
described previously. Briefly, aNd-YAG laser (532 nm; 8 ns pulse width, 300 mJ/pulse, 
10 Hz) may be used to ablate a gold target, which produces gold nanocluster catalyst 
particles within a reactor. The SiNWs may be grown in a flow of SiKU as the reactant 
Such SiNWs may be doped with boron by incorporating B2H6 in the reactant flow, and 
may be doped with phosphorous using a Au-P target (99.5:0.5 wt%, Alfe Aesar) and 
additional red phosphorous (99%, Alfa Aesar) at the reactant gas inlet Transmission 
electron microscopy (TEM) measurements demonstrate that doped SiNWs grown using 
this technique have a smgle ciystal silicon core that is covered by a dense SiOx sheath as 
described previously. 

Electrical contact to individual SiNWs were made using standard electron beam 
lithography methods using a JEOL 6400 writer. The nanowires were supported on 
oxidized Si substrate (1-10 Clem resistivity, 600 nm SiOi, Silicon Sense, hic.) with the 
underlying conducting Si used as a back gate. The contacts to the SiNWs were made 
using thermally evaporated Al (50 nm) and Au (1 50 nm). Electrical transport 
measurements were made using a homebuilt system with less than or equal to 1 pA noise 
under computer control The temperature-dependent measurements were made in a 
Quantum Design magnetic property measurement system. 

TEM studies show that the boron and phosphorous-doped SiNWs are single 
crystals, although these measurements do not have sufficient sensitivity to quantify the 
boron or phosphorous doping level in individual wires. We can, however, demonstrate 
unambiguously the presence of p-type (boron) or n-type (phosphorous) dopants and the 
relative doping levels using electrical transport spectroscopy. In these measurements, a 
gate electrode is used to vary the electrostatic potential of the SiNW while measuring 
current versus voltage of the nanowire. The change in conductance of SiNWs as function 
of gate voltage can be used to distmguish whetiher a given nanowiie is p-type or n-type 
since the conductance will vary oppositely for increasmg positive (negative) gate voltages. 

Typical gate-dependent current versus bias voltage ([-V) curves recorded on 
intrinsic and B-doped SiNWs are shown in Figs. 8A-8C. The two B-doped wires shown in 
Figs. 8B and 8C were synthesized using SiH4 : 32H6 ratios of 1 000 : 1 and 2 : 1, 
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respectively . In general, the two tenninal I-V curves are linear and thus suggeist that the 
metal electrodes make ohmic contacts to the SiNWs. The small nonlinearity observed in 
the intrinsic nanowire indicates tbatflus contact is s^ Analysis of I-V 

data, recorded at zero ^te voltage (Vg = 0), which accounts for contributions firom the 
5 contact resistance and oxide coating on the SiNW, yield a resistivity of 3.9 xlO^ Qcm. 
Significantly, when Vg is made increasingly negative (positive), the conductance increases 
(decreases). This gate dependence shows that the SiNW is a p-doped semiconductor 
(discussion below). Similar I-V versus Vg curves were recorded for the lightiy B-doped 
SiNW, and show that it is also p-type. Moreover, the Vg = 0 resistivity of this B-doped 
10 SiNW (1 Q-cm) is more than two orders of magnitude smaller than the intrinsic SiNW, 
and demonstrates clearly our ability to control conductivity chemically. This latter point is 
further supported by I-V measurements on the heavily B-doped SiNWs show in Fig. 8C. 
This wire has a very low resistivity of 6,9 x 10'^ Q-cm and shows no dependence on Vg; 
that is, I-V data recorded with Vg of 0 and 20 V are overlappmg. These results are 
15 consistent with a Mghcanier concentration timt is near the metaffi 

We have also measured Vg-dependent transport in ligjrtly and heavily P-doped 
SiNWs. The I-V recorded on flie lightly doped nanowire (Fig. 9 A) is somewhat nonlinear, 
which indicates nonideal contact between the electrodes and nanowire, and the Vg 
dependence is opposite ofthat observed for the B-doped SiNWs. Significantly, this 
20 observed gate dependence is consistent with n-type material as expected for P-doping. 
The estimated resistivity of this wire at Vg 0 is 2.6 x 10^ Q-cm. This relatively high 
resistivity is suggestive of a low doping level and/or low mobility. In addition, heavily P- 
doped SiNWs have also been made and studied. The I-V data recorded on a typical 
heavily P-doped wire are linear, have a resistivity of 2.3 xlO'^ Q-cm, and shows no 
25 dependence on Vg. The low resistivity (four orders of magnitude smaller than the lightiy 
P-doped sample) and Vg independence demonstrate that high carrier concentrations can 
also be created via P-doping of the SiNWs. 

The above results demonstrate that boron and phosphoreus can be used to change 
the conductivity of SiNWs over many orders of magnitude and that the conductivity of the 
30 doped SiNWs respond oppositely to positive (negative) Vgfor boron and phosphorous 
dopants. Indeed, the Vg-dependence provides strong proof fer p-type (holes) doping with 
boron and n-type (electrons) doping wilh phosphorous in the SiNWs. The observed gate 
dependencies can be understood by referring to tiie schematics shown in Figs. lOA and 
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lOB, ^^ch show the effect of the electrostatic potential on the SiNW bands. In these 
diagrams, a p-type nanowire (a) and n-type nanowire (b) are contacted at both ends to 
metal electrodes. As for a conventional metal-semicondiictor interface, the SiNW bands 
bend (up for p-type; down for n-type) to bring Ihe nanowire Fermi level in line with tibat of 
the metal contacts. When Vg > 0, the bands are lowered, ^ch depletes the holes in B- 
doped SiNWs and suppress conductivity, but leads to an accumulation of electrons in P- 
doped SiNWs and enhance the conductivity. Conversely, Vg < 0 will raise the bands and 
increase the conductivity of B-doped (p-type) SiNWs and decrease the conductivity of the 
P-doped (n-type) nanowires. 

In addition, it is possible to estimate the mobility of carriers from the 
transconductance, dl/dVg = fiC/L^) V, where ^ is the carrier mobility, C is the capacitance, 
andListhelOTgthofflieSiNW. The SINW capacitance is given by C>are8oL/hi(^^ 

where 8 is the dielectric constant, h is the thickness of the silicon oxide layer, and r is the 
SiNW radius. Plots of dl/dVg versus V were found to be linear for the intrinsic (Fig. 8 A) 
and lightly B-doped (Fig. 8B) SiNWs, as expected for this model. The slopes of dl/dVg 
for the intrinsic (2.13 x 10"") and B-doped (9.54 xlO"^ SiNW yield mobilities of 5.9x10*^ 
cw?/V-s and 3.17 ax^/V -s, respectively. The mobility for the B-doped nanowire is 
comparable to that expected in bulk Si at a doping concentration of 10^° cm"^. We also 
note that the mobility is expected to increase with decreasing dopant concentration, 
although in our intrinsic (low dopant concentration) SiNW the mobility is extremely low. 
It is possible that the reduced mobility is due to enhanced scattering in the smaller 
diameter (intrinsic) SiNW. We believe that future studies of the mobility as a function of 
diameter (for constant dopant concentration) should iUununate Hds important point 

Lastly, we have carried out preliminary temperature-dependent studies of heavily 
B-doped SiNWs. Temperature dependent I-V curves show that the conductance decreases 
with decreasing tentperature, as expected for a doped semiconductor (Figs. 1 1 A and 1 IB). 
More importantly, we see no evidence for a coulomb blockade down to our lowest 
accessible temperature (Fig. I IB), he small nonlinearity near V 0 is attributed to a 
contact effect since high resolution I-V versus Vg measurements show no signature for 
coulomb blockade. Coulomb charging effect in this homogenous wire between the 
electrodes (a 150 nm thick 2.3 iim long wire) would require a temperature bdow about 26 
mK estimated from kT = eV2C. This indicates strongly that variations in SiNW diameter 
and defects are sufficiently small that tiiey do not effectively "break up" the SiNW into 
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small islands, which would exhibit coiiloinb blockade at these temperatures. These results 
contrast studies of lithographically pattered SiNWs, which show coulomb blockade, and 
testify to the high quality of our free standing nanowires. 

Single crystal n-type and p-type silicon nanowires (SiNWs) have been prepajred 
5 and characterized by electrical transport measurements. Laser catalytic growth was used 
to introduce controUably either boron or phosphorous dqpants during the vapor phase 
growth of SiNWs. Two-terminal, gate-dependent meaisurements noiade on individual 
boron-doped and phosphorous-doped SiNWs show that these materials behave as p-type 
and n-type materials, respectively. Estimates of the carrier mobility made firom gate- 
10 dependent transport measuremmts are consistent wifli diffusive transport, and show an 
indication for reduced mobility in smaller diameter wires. In addition, these studies show 
it is possible to incorporate high dopant concentrations in the SiNWs and approach the 
metallic regime. Temperature-dependent measurements made on heavily doped SiNWs 
show no evidence for single electron charging at temperatures down to 4.2 K, and thus 
75 suggest that the SiNWs possess a high degree of structural and doping xmiformity. 

We believe that our successful doping of SiNWs to create n-type and p-type 
materials will open up exciting opportunities in nanoscale science and technology. Doped 
SiNWs will be candidates for investigating fundamental issues of transport in ID 
nanostructures. The structures studies in this paper are also field effect transistors (FETs), 
20 and it will be possible using self-assembly techniques to integrate many SiNW FETs into 
structures perhaps for nanoelectronics applications. It should also be possible to combine 
p-type and n-type SiNWs, for example in crossed arrays, to create p-n junctions that could 
also be considered for devices and sensors in the future. 

Crossed SiNW p-n junctions have been formed by directed assembly of p-type (n- 
25 type) SiNWs over n-type (p-type) SiNWs. Transport measurements exhibit rectification in 
reverse bias and a sharp current onset in forward bias. Simultaneous measuremmts made 
on the p-type and n-type SiNWs making vp the junction demonstrate that tiie contacts to 
these nanowires are ohmic (noniectifying), and thus that the rectifying behavior is due to 
the p-n junction between the two SiNWs. 
30 Fig. 8A shows current (I) vs bias voltage (V) curves recorded on a 70 nm diameter 

intrinsic SiNW at different gate voltages (Vg), Curves 1, 2, 3, 4, 5, 6, and 7 correspond to 
Vg ^ -30, -20, -10, OV, 10, 20, and 30 V, respectively. The inset is a typical scanning 
electron micrograph of the SiNW with metal contacts (scale bar = lOum). Fig. 8B shows 
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I-V data recorded on a 150 mn diameter B-doped SiNW; curves 1-8 correspond to Vg = - 
20, -10, -5, 0, 5, 10, 15 and 20 V, respectively: Fig. 8C shows I-V curves recorded on a 
150 mn diameter heavily B-doped SiNW; Vg = 20 V (solid line) and 0 V (heavy dashed 
Ime). 

Fig. 9A shows I-V data recorded on a 60 mn diameter P-doped SiNW. Curves 1, 2, 
3, 4, 5, and 6 correspond to Vg = 20, 5, 1, 0, -20, and -30 V, respectively. Fig. 9B shows 
I-V curves recorded on a 90 mn diameter heavily P-doped SiNW ; Vg = 0 V (solid line) and 
-20 V (heavy dash line). 

Fig. lOA shows energy band diagrams for p-type SiNW devices. Fig. lOB shows 
energy band diagrams for n-type SiNW devices. The diagrams show schematically the 
effect of Vg on the electrostatic potential for both types of nanowires. 

Figs. 1 1 A and 1 IB show tenq)erature dependent I-V curves recorded on a heavily 
B-doped SiNW. In Fig. 11 A, curves 1, 2, 3, 4, 5, and 6 correspond to temperatures of 295, 
250, 200, 150, 100, and 50 K, respectively. Fig. 1 IB shows I-V data recorded on the 
nanowire at 4.2 K. 

Diameter Selective Synthesis of Semiconductor Nanowires 

Nearly monodisperse samples of single crystalline GaP nanowires have been 
synthesized with diameters of 10, 20, and 30 nm and lengths greater than 10 pm by 
exploiting well-defined gold colloids as catalysts in our laser catalytic grov^ (LCG) 
process. In this method, the Ga and P reactants generated by laser ablation of solid GaP 
are siibsequentiy directed into a xianowire stm 

Transmission electron microscopy (TEM) studies of nanowires prepared in Ifais way 
demonstrate that the distributions of nanowire diameters are defined by those of tiie 
nanocluster catalysts. Higfa-resohition TEM shows that the wires are single crystal zinc 
blend with a [1 1 1] growtii direction, and energy dispersive X-ray analysis confirms that 
tiie nanowire composition is stoichiometric GaP. The use of monodisperse nanocluster 
catalysts combmed witii the LCG method will enable tiie growtix of a wide range of 
semiconductor nanowires with weU-defined and controlled diameters, and thus opens up 
opportunities from fundamental properties of one-dimensional (ID) systems to the 
assembly of functional nanodevices. 

Nearly monodisperse samples of single crystalline GaP nanowires have been 
synthesized with diameters of 10, 20, and 30 nm and lengtiis greater tiian 10 im by 
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exploiting well-defined gold colloids as catalysts in our laser catalytic growth (LCG) 
synthetic methodology. Transmission electron microscopy (TEM) studies of nanowires 
prepared in this way demonstrate that the distributions of nanowire diameters are defined 
by those of &e nanccluster catal}^. High-i^sohition TEM shows Host the wires are single 
J crystal zmc blende with a [111] growth dkection, and energy dispersive X-ray analysis 
(EDAX) confirms that the nanowire composition is stoichiometric GaP. 

Recent interest in low-dimaisional semiconductor materials has been motivated by 
* ike push for miniaturization of electronic and optoelectronic devices and a need to 
understand the fundamentals of nanoscale chemistry and physics. In particular, one- 

JO dimensional (ID) systems are exciting from both fundamental and applied viewpoints. 
Fascinating physical phenomena, such as Luttinger liquid behavior, and numerous 
applications from interconnects to scanning probe microscopies, require high-quality, 
well-defined ID nanostructures. Experimental progress in the field of ID nanostructures 
has often been limited by the ability to create new materials in this size regime witii 

75 controlled size, structure, and compositioiL 

Early ^roaches to ID nanostcucture synthesis employed thin fihn growth and 
lithogrq>hic techniques. In particular, 'T-wires" have been febricated by growing 
semiconductor quantum wells via molecular beam q)itaxy, followed by cleavage and 
overgrowth on the cleaved surfece, while "V-groove" nanowires have been prepared by 

20 etching trenches on a surfece and then depositing a small amount ofrnaterial into the 
resulting grooves. One ofthe significant limitations ofthese approaches is diat the 
nanowires are embedded in a substrate, -vMcb precludes 4e assembly of conqjlex 2D and 
3D nanostructures. Template appfoadies have alsb been used for growing a wide-range of 
nanowires. These methods can provide good control over the length and diameter of 

25 rianowires, although they are limited in tiiat polycrystalline structures are often produced. 
Our laboratoiy has made significant progress toward the development of a general 
synthetic approach to fi«e-standing single-raystal semiconductor nanowires viatiie LCG 
method. In LCG, laser ablation of a solid target is used to simultaneously generate 
nanoscale metal catalyst clusters and reactive semiconductor atoms tiiat produce 

30 naoDwiies via a v^or-Hquid-soUd growth mechanism. This method has been used to 

produce a wide range of groiq) IV, HI-V, and H-VI nanowkes. We have suggested that Ihe 
size of the catalyst nanocluster determines the size of tiie wire during growth, and tiius one 
can envision creating wires with a narrow size distribution by exploitixtg monodisperse 
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catalyst nanoclusteis (Fig. 12). Here we utilize nanometer diameter gold colloids to 
explore this approach. 

GaP nanowires were grown by LCG using 8.4, 18.5, and 28.2 nm diameter gold 
colloids. In these experiments the catalyst nanoclust^ are supported on a Si02 substrate 
and laser ablation is used to generate the Ga and P reactants from a solid target of GaP. 
Field emission scanning electron microscopy (FESE^Q demonstrates that nanowires with 
lengths exceeding 10 pm (Fig. 13A) were obtained using all three sizes of catalyst 
Examination of the nanowire ends also shows the presence of the nanocluster catalyst 
(Fig. ISA, inset). Control experiments carried out without the Au colloids did not produce 
nanowires. The FESEM images show that the nanowire diameter distributions are 
narrower than obtained in experiments without the colloid catalysts, although FESEM is 
not a good method for quantifying these distributions since small variations in the focal 
plane can produce significant changes in fhc observed diameter. 

The growth apparatus used in these experiments is similar to that reported. 
Substrates were made by placing a silicon wafer with 600 nm of theimal oxide (Silicon 
Sense) into a solution of 95:5 EtOH:H20 with 0.4% N-[3-(Trimefhoxysilyl)propyl]- 
ethylenediamine for 5 minutes, followed by curing at lOG-llO^C for 10 minutes. 
Solutions of Au colloids (Ted Pella) were diluted to concentrations of 10^-10^^ 
particles/mL to minimize aggregation and were deposited on the substrates. Substrates 
were placed in a quartz tube at the downstream end of the fumace with a solid target of 
GaP placed 3-4 cm outside of the fumace at the upstream end. The chamber was 
evacuated to less than 1 00 mTon, and then maintained at 250 Torr with an Airflow of 100 
seem. The fumace was lieated to 700^C and the target was ablated for 10 minutes with an 
AxF excimer laser (% - 193 nm, 100 mJ/pulse, 10 Hz). After cooling, the substrates were 
examined by FESEM (LEO 982). For TEM (JEOL 200GX and 2010) and EDAX 
analysis, nanowires were deposited onto copper grids after removal from the substrates by 
sonication in ethanol. 

To obtain a quantitative measure of the nanowire diameter distributions produced 
using the gold colloids, and to better characterize their structure and composition, we used 
TEM. High resolution TEM shows that the wires are single crystal OFig. 1 3B), growing in 
the [1 1 1] direction, and EDAX confirms tiie composition to be stoichiometric GaP (Ga:P . 
1.00:0.94), within the limits of this technique. Significantiy, extensive TEM analysis of 
nanowire diameters demonstrates the extremely good correlation with the colloid catalyst 
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diameters and diq)ersion (Pigs, 14A and 14B); that is, for 

18.5 ± 0.9, and 8.4 ± 0.9 mn colloids we observe mean diameters of 30.2 ± 2.3, 20.0 ± 1.0, 

and 1 1.4 ± 1.9 nm, respectively. The mean nanowire diameter is generaUy 1-2 nm larger 

than lliat of Ihe colloids. We believe thai this mcrease is due to alloying of tiie Ga and P 

5 reactants vvith the colloids before nudeation of the nanovwre occurs. For the 30 nm and 20 

nm wires (Figs. 14A and 14B) it is clear that the width of the nanowire distributions 

mirrors those of the colloid, suggesting that the monodispersity of the wires is limited only 

by the dispersity of the colloids. For the 10 nm diameter wires (Fig. 14C), a small 

broadening (1 nm) of the wire distribution can be attributed to aggregation of the colloids. 

10 The mean diameter and distribution width increased as more concentrated solutions of the 

colloid were dispersed onto the substeate. The fact fliat the distribution has peaks 

separated by -2.5 nm suggests that some of the wires grow fiom aggregates of two 

coUoids, although additional work is required to substantiate this point. In all cases, the 

distribution of whe diameters is more Hm. an order of magnitude narrower than those 

IS grown without the use of colloid catalyst (Fig. 14D): 43 ± 24 nm. 

We believe that this work demonstrates clearfy for the first time an ability to exert 

systematic control over the diameter of semiconductor nanowires for a variety of colloids. 

Previous attempts to grow nanowires on suifeces with poorly defined catalysts resulted hx 

nanowhres with non-uniform diameters greater than 50 nm. Other attempts to control the 

0 diameter ofnanowues by varymg the background carrier gas merely shifted the mean 

diameter of the wires sUghtly and yielded much broader distributions of wires than we 
have achieved with colloid-mediated grow& 

In summary, we have dembnsfcrted the ccmitrbll^ synthesis of sraniconductof 

wires with monodisperse diameter distributions. Tliese high-quality, smgle crystallme 
r wires represent good candidates fot boft furflier studies of low-dimensional physics as 
well as for applications m various fields of nanoscale science and technology. In 
particular, we believe that the synthesis of controlled diameter samples will greatly 
fecilitate the assembly of these nanoscale buildmg blocks mto complex and functional 2D 
and 3D nanosystems. 

Fig. 12 is a schematic depictmg the use of monodisperse gold colloids as catalysts 
for the growth of well-defined GaP semiconductor nanowires. 

Fig. 13A shows a FESEM image of nanowires synthesized fiom 28.2 nm colloids 
(scale bar is 5 im). The mset is a TEM image of the end of one of these wires (scale bar 
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is 50 nm). The high contrast feature corresponds to the colloid catalyst at tiie end of the 
vdre. Fig. 13B shows a TEM image of another wire in this sample (scale bar is 10 nm). 
The [1 1 1] lattice planes are resolved, showing that wire growth occurs along this axis; in 
agreement with earlier worL Measurement of the inter-plane spacing gives a lattice 
5 constant of 0,54 nm (±0.05 nm) for the wire, in agreement with the bulk value for GaP, 
0.5451 nm. 

Figs. 14A-14C show histograms of measured diameters for wires grown from 282 
nm (Fig. 14A), 18.5 nm (Fig. 14B), and 8.4 nm (Fig. 14C) colloids. The solid line shows 
the distribution of wire. Fig. 14D shows a histogram of diameters for wires grown using 

10 the previous method without colloids, in which the laser is used to both generate the Au 
nanoclusters and the GaP reactants. The distribution is very broad (start dev. 23.9 nm) and 
the mean diameter (42.7 imi) greater tiban those synthesized using the predefined colloid 
catalyst In all cases, the reported nanowu:e diameters correspond to the crystalline cores. 
Hxe amorphous oxide layers on the sur&ce of all nanowires are relatively uniform from 

15 wire to wire within the same «q>eriment, but vary from 2-6 nm in Sickness between 
syntiieses. 

General Synthesis of Compound Semiconductor Nanowires 

The predictable synthesis of a broad range of multicomponent semiconductor 

20 nanowires has been accomplished using laser-assisted catalytic growth. Nanowires of 
binary group IH-V materials (GaAs, GaP, InAs and InP), ternary ni-V materials (GaAs/P, 
InAs/P), binary II-VI compounds (ZnS, ZnSe, CdS, and CdSe) and binary SiGe alloys 
have been prepared in bulk quantities as high purity (>9b%) single crystals. The nanowires 
have diameters var3dng from three to tens of nanometers, and lengths extending to tens of 

25 micrometers. The synthesis of this wide range of technologically important semiconductor 
nanowires can be extended to many other materials and opens 19 significant opportunities 
in nanoscale science and technology. 

The synthesis of nanoscale materials is critical to work directed towards 
understanding fundamental properties of small structures, creadng nanostnictured 

SO materials and developing nanotechnologies. Nanowires and nanotubes have been the 
focus of considerable attention, because th^ have the potential to answer fundamental 
questions about one-dimensional systems and are expected to play a central role in 
£^Ucatiozis ranging from molecular dectrozucs to novel scannirxgmim^ To 
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e3q)lore such diverse and exciting opportunities requires nanowire materials for which the 
chemical composition and diameter can be varied. Over the past several years considerable 
efiFort has been placed on the bulk synthesis of nanowiies, and while advances have been 
made using template, laser ablation, solution, and other methods, m no case has it been 
5 demonstrated that one approach could be exploited in a predictive manner to synthesize a 
wide range of nanowire materials. Here we describe the predictable synthesis of a broad 
range of binary and ternary m-V, II-VI and lY-IV group semiconductor nanowires using 
a laser-assisted catalytic growth (LCG) method. 

Recently, we reported the growth of elemental Si and Ge nanowires using the LCG 
1 0 method, which exploits laser ablation to generate nanometer diameter catalytic clusters 
that define the size and direct the growth of the crystalline nanowires by a vapor-liquid- 
soUd (VLS) mechanism. A key feature of the VLS growth process and our LCG method is 
that equilibrium phase diagrams can be used to predict catalysts and growth conditions, 
and thereby enable rational synthesis of new nanowire materials. Significantly, we show 
15 here that semiconductor nanowires of the III-V materials GaAs, GaP, GaAsP, InAs, InP 
andlnAsP, the E-VI materials ZnS, ZnSe, CdS and CdSe, and IV-IV alloys of SiGe can 
be synthesized in high yield and purity using this approach. Compound semiconductors, 
such as GaAs and CdSe, are especially intriguing targets since flieir direct band gaps give 
rise to attractive optical and electrooptical prop^lies. The nanowires have been prepared 
20 as single aystals with diameters as small as 3 nm, which places fliem in a regime of strong 
radial quantum confinement, and lengths exceedmg 1 0 |mn. These studies demonstrate that 
LCG represents a very general and predictive approach for nanowire synthesis, and 
morBOvd:,webeKevethiat&ebrbad:-rangeofffl - 
will open up many new opportunities in nanoscale research and technology, 
25 The prediction of growth conditions for biliary and more complex nanowires using 

the LCG me&od is, in principle, significantly more difBcult than previous studies of 
elemental Si and Ge nanowires due to the complexity of ternary and higher order phase 
diagrams. However, this complexity can be greatly reduced by considering pseudobinary 
phase diagrams for the catalyst and compomid semiconductor of interest. For example, the 
30 pseudobinary phase diagram of Au-GaAs shows that Au-Ga-As liquid and GaAs solid are 
the principle phases above 630 ""C in the GaAs rich region (Fig 15). This unplies that Au 
can serve as a catalyst to grow GaAs nanowires by flie LCG method, if the target 
composition and growth temperature are set to this region of Ae phase dm^w. Indeed, 
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we fuid fhat LCG using (GaAs)o^sAuo.o5 targets produces samples consisting primarily of 
nanowires. A typical field-emission scanning electron microscopy (FE-SE^Q image of 
material prepared at 890 °C (Fig. 16A) shows that the product is wire-like with lengths 
extending to 10 jun or more. Analyses of these high-resolution SEM images shows that at 
least 90% of the product produced by the LCG method is nanowire with only a small 
amount of particle material. X-ray dif&action data firom bulk samples can be indexed to 
the zinc-blende (ZB) structure with a lattice constant consistent with bulk GaAs, and also 
show that the material is pure GaAs to the 1% level. Lastly, we note that high yields of 
GaAs nanowires were also obtained using Ag and Cu catalysts. These data are consistent 
with the fact that these metals (M - Ag, Cu) exhibit M-Ga-As liquid and GaAs solid phase 
in the GaAs rich regions of the psuedobinary phase diagrams, and furthemore, 
demonstrate the predictability of &e LCG approach to nanowire growth. 

The structure and composition of the GaAs nanowires have been characterized in 
detail using transmission electron microscopy (TEM), convergent beam electron 
difOraction (ED) and energy dispersive X-ray fluorescence (EDX). TEM studies show that 
the nanowires have diameters ranging fit>m 3 nm to ca 30 nm. A typical diffraction 
contrast image of a single 20 nm diameter wire (Fig. 17A) indicates that the wire is smgle 
crystal (uniform contrast) and uniform in diameter. The Ga: As composition of this wire 
determined by EDX, 51.4:48.6, is the same, within limits of instrument sensitivity, as the 
composition obtained from analysis of a GaAs crystal standard. Moreover, the ED pattem 
recorded perpendicular to the long axis of this nanowire (inset. Fig. 17A) can be indexed 
for the <1 12> zone axis of the ZB GaAs structure, and thus shows that growth occurs 
along the [1 1 1] direction. Extensive meaisurements of individual GaAs nanowires show 
that growth occurs along the <1 1 1> directions in all cases. This direction and the single 
crystal structure are further confirmed by lattice resolved TEM images (e.g., Fig. 17B) that 
show clearly the (1 1 1) lattice planes (spacing 0.32 +/- 0.01 nm; bulk GaAs, 0.326 nm) 
perpendicular to the wire axis. Lastly, &e TEM studies reveal that most nanowires 
terminate at one end with a nanoparticle (inset. Fig. 16A). EDX analysis indicates that the 
nanoparticles are composed mainly of Au. The presence of Au nanoparticles at the ends of 
the iianowires is consistmt with the pseodobinary phase diagram, and represents strong 
evidence for a VLS growth mechanism proposed for LCG. 

The succesi^ synthesis of binary GaAs nanowkes by LCG is not an isolated case 
but general to a broad range of binary and more complex nanowhe materials (Table-1). To 
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extend our synthetic approach to the broadest range of nanowires, we recognize tibat 
catalysts for LCG can be chosen in the absence of detailed phase diagrams by identifying 
metals in which the nanowire component elements are soluble in the liquid phase but that 
do not foim solid compounds more stable than the desired nanowire phase; that is, the 
5 ideal metal catalyst should be physically active but chraiically stable. From this 

perspective the noble metal Au should represent a good starting point for many materials. 
This noble metal also has been used in the past for the VLS growth of sxnface supported 
nanowires by metal-organic chemical vapor deposition (MOCVD). The nanowires 
produced by MOCVD method are distinct from the materials reported in this 
10 communication in several regards, including (1) the MOCVD nanowires are produced on 
suifeces and not in the bulk quantities required for assembly, (2) the MOCVD nanowires 
taper significantly from the base to their ends (that is, they do not have uniform 
diameters), and (3) the smallest uanowire diameters, 10-15 nm, are significantly larger 
than the 3-5 nm diameters achieved in our work. Lasdy, as described below, it is important 
25 to recognize that our LCG me&od is readily extended to many different materials (e.g., 
Tabl&*l) simply by producing soUd targets of the inaterial of interest and catalyst 

First, we have extended significantly our work on GaAs to include OaP and ternary 
alloys GaAsi.xPx' FE-SEM images of the product obtained by LCG from (GaP)o^5Auo.o5 
targets exhibit high purity nanowires with lengths exceeding 10 fxm (Fig. 16B). Extmsive 
20 TEM characterization shows that these nanownes (i) are smgle crystal GaP, (ii) grow 
along the <1 1 1> directions, and (iii) terminate in Au nanoparticles (inset. Fig. 1 6B) as 
expected for the LCG mechanism. We have further tested the limits of our LCG approach 
through studies of ternary GaAsP alloy nanowires. The synthesis of ternary ffi^ is ' 

of particular interest for band gap engineering that is critical for electronic and optical 
25 devices. LCG of GaAsP nanowires using a GaAso.6Po.4 target with a Au catalyst yielded 
nearly pure nanowires (Fig. 16C). TEM images, ED and EDX show that these nanowires 
are single crystals, grow along the <1 1 1> directions, have a Ga:As:P ratio, 1.0:0.58:0.41, 
that is essentially the same as the starting target composition, and terminate in 
nanoclusters that are composed primarily of Au (inse^ Fig. 16C). High-resolution TEM 
30 unages recorded on nanowires with diameters of ca. 10 and 6 mn (Figs. 17C and I7D) 

show well-ordered (1 1 1) lattice planes and no evidence for compositional modulation. We 
believe the observation that the ternary nanowire composition can be controlled by target 
composition is especially important, because it provides an opportunity to explore exciton 
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energy changes due to both band-gap variations (composition) and quantum confinement 
(size). 

Based on the above results, it is perhaps not surprising that we have also 
successfully used LCG to prepare III-V binary and ternary materials containing In-As-P 
(Table-1). We believe that a more significant point is that this synthetic approach can also 
be easily extended to the preparation of many other classes of nano wires, includiag the H- 
VI materials ZnS, ZnSe, CdS and CdSe (Table-1), IV-IV SiGe alloys. The cases of the U- 
VI nanowires CdS and CdSe are especially important, because a stable structural phase of 
these materials, wurtzite (W), is distinct fix)m the ZB structure of the lU-V materials 
described above and the ZB structure of ZnS and ZnSe. Significantly, we find tiiat 
nanowires of CdS and CdSe can be synthesized m high yield usiog the LCG approach with 
a Au catalyst (Fig. 1 8 A). TEM and ED data obtained on individual CdSe nanowires (for 
example. Figs. 18B and 18C) demonstrate lhat these materials are single crystals with a 
W-type structure and <11 0> growth direction that is clearly distinguished fiom the <1 1 1> 
direction of ZB structures. Studies of CdS nanowires (Table-1) show somewhat more 
complex behavior; that is, W-type nanowires with growth along two distinct <100> and 
<002> dkections. It is possible that the <002> direction assigned for a niinority of CdS 
nanowires could correspond to the <1 1 1> direction of a ZB structure. However, X-ray 
dif&action measurements made on bulk nanowire samples are consistent with the W 
assignment In addition, previous studies of W-type CdS and CdSe nanoclusters showed 
elongation along the <002> direction. We believe that systematic studies of nanowire 
structure as a function of growth temperature should help to elucidate the origin of these 
results for CdS, and could also provide insight into how nano wire growth direction might 
be controlled. 

Lastiy, we have used LCG to prepare nanowires of IV-IV binary Si-Ge alloys 
(Table-1). Using a Au catalyst, it was possible to synthesize single crystal nanowires over 
the entire Sii-^Gex composition range. Unlike the case of GaAsP discussed above, the Si- 
Ge alloys do not exhibit the same compositions as the starting targets. Rather, the 
composition varies continuously withui the growth reactor with Si rich materials produced 
in the hotter central region and Ge rich materials produced at the cooler end. Specifically, 
LCG growth &om a (Sio.7oGeo.3o)o^sAuo.o5 target at 1 150 °C produced nanowires with a 
Si:Ge ratio of 95:5, 81:19, 74:26, 34:66 and 13:87 fiomtiie furnace center to en4 
respectively. This composition variation arises firom the fact that the optimal growtii 



wo 02/17362 PCT/USOl/26298 

-60- 

temperatures of the two individual nanowire materials are quite different Such differences 

can increase the difificultjr in synfliesizing controlled conqposition alloys, although our . 

results also show that this can be exploited to prepare a range of alloy compositions in a 

single groy/ih experiment 
5 In conclusion, we have syn&esized a wide-range of single crystal 

ternary compound semiconductor nanowires using our LCG tedmique. We believe that 
these results demonstrate clearly the generality of this approach for rational nanowire 
' synthesis. The availability of these high-quality, single crystal semiconductor nanownes is 
ejqjected to enable fascinating opportunities in nanometer scale science and technology. 

10 For example, these nanowires can be used to probe the confinement, dynamics and 
transport of excitons in ID, and can serve as optically-active building blocks for 
nanostructured materials. Moreov^, by further controlling growth, we believe that our 
LCG approach can be used to synthesize more complex nanowire structures, including 
single wire homo- and heterojunctions and superlattices, and thus may enable the synthesis 

15 of nanoscale light-emitdng diodes and laser devices. 

The apparatus and general procedures for LCG growth of nanowires have bem 
described previously. The targets used in syntheses consisted of (materiaI)o.95Auo.o5- 
Typical conditions used for synthesis were (i) 100-500 toir Ar:H2 (95:5), (n) 50-150 sscm 
gas flow, and (iii) ablation with a pulsed Nd:YAG laser (X=1064 nm; 10 Hz pulse rate; 2.5 

20 W average power). Specific temperatures used for the growth of diEGsrent nanowire 

materials are given in Table-1. The nanowire products were collected at the down-stream 
cold end of the furnace. 

The iianowire samples were cliaractenzedlism^ 
2000), FE-SEM (LEO 982), and TEM (PhiUps 420 and JEOL 2010). Electron diffraction 

25 and composition analysis (EDX) measurements were also made on the TEMs. Samples for 
TEM analysis were prepared as follows: samples were briefly sonicated in ethanol, which 
suspended flie nanowire material, and then a drop of suspension was placed on a TEM grid 
and allowed to dry. 

Template mediated methods using membranes and nanotubes have been used to 
30 prepare a number of materials. However, these nanowkes typically have diameters >10 
nm, which are larger than tiiose desked for strong quantum confinement effects, and often 
have polycrystalline structures tiiat inake it diflBcult to probe mtrinsic physical properties. 
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Table 1 is a summary of single crystal nanowires synthesized. The growth 
temperatures correspond to ranges explored in these studies. The TntniTni im (Min.) and 
average (Ave.) nanowire diameters (Diam.) were determined from TEM and FE-SEM 
images. Structures were determined using electron diffiaction and lattice resolved TEM 
5 imagmg: ZB, zinc blende; wurtzite; and D, diamond structure ^es. Compositions 
were determined from EDX measurements made on individual nanowires. All of the 
nanowires were synthesized using Au as the catalyst, except GaAs, for which Ag and Cu 
were also used. The GaAs nanowires obtained with Ag and Cu catalysts have the same 
size, structure and composition as those obtained with the Au catalyst. 
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Material 


Growth 
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(nm) 
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Growth 
Direction 


Ratio of 
Components 


GaAs 


800-1030 


3 


19 


ZB 


<111> 


1.00:0.97 


GaP 


870-900 


3-5 


26 


ZB 


<111> 


1.00:0.98 




800-900 


4 


18 


ZB 


<111> 


1.00: 0.58: 0.41 


liiP 


790-830 


3-5 . 


25 


ZB 


<111> 


1.00:0.98 


InAs 


700-800 


3-5 


11 


ZB 


<111> 


1.00:1.19 


InAsoJPoj 


780-900 


3-5 


20 


ZB 


<111> 


1.00: 0.51: 0.51 


ZnS 


990-1050 


4-6 


30 


ZB 


<111> 


1.00:1.08 


ZnSe 


900-9SO 


3-5 


19 


ZB 


<111> 


1.00:1.01 


CdS 


790-870 ' ' 


■3.5 • . 


20 " - 


•w 


<i00>, 
O02> 


1.00:1.04 - 


CdSe 


680-1000 


3-5 


16 


w 


<110> 


1.00:0.99 




820-1150 


3-5 


18 


D 


<111> 


Sij^e, 



Fig. 1 5 shows a pseudobinary phase diagram for Au and GaAs. The liquid Au-Ga- 
As component is designated by L. 

Figs. 16A-16C show FE-SEM images of GaAs (Fig. 16A), GaP (Fig. 16B) and 
15 GaAso.6Po.4 (Fig. 1 6C) nanowires prepared by LCG. The scale bars in Figs. 1 6A-1 6C are 
2 fxuL The insets in Figs. 16A-16C are TEM images of GaAs, OaP and GaAso.6Po.4 
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nanowires, respectively. The scale bars in are all 50 nm. The high contrast (dark) features 
correspond to the solidified nanocluster catalysts. 

Fig. 17A shows a diffraction contrast TEM image of a ca. 20 nm diameter GaAs 
nano\vire. The inset shows a convergent beam electron diffiactipn pattem (ED) recorded 
5 along the <1 12> zone axis. The [1 11] direction of the ED pattem is parallel to the wire 
axis, and tiius shows that growth occurs along the [1 1 1] direction. The scale bar 
corresponds to 20 nm. Fig. 17B shows a high-resolution TEM image of a ca. 20 nm 
diameter GaAs nanowire. The lattice spacing petpendicular to the nanowire axis, 0.32 ± 
0.01 nm, is in good agreement with the 0.326 nm spacing of (1 1 1) planes in bulk GaAs. 

10 The scale bar corresponds to 10 nm. Figs. 17C and 17D show high-resolution TEM 
images of 10 and 6 nm diameter, respectively, GaAso.6Po.4 nanowires. The (1 1 1) lattice 
planes (perpendicular to the wire axes) are clearly resolved in all three nanowires. The 
scale bars in Figs. 17C and 17D are 5 nm. 

Fig. 1 8A shows a FB-SEM image of CdSe nanowires prepared by LCG. The scale 

15 bar corresponds to 2 ^m. Hie inset in Fig. 1 8A is a TEM image of an individual CdSe 
nanowire esdubitiiig nanocluster (dark feature) at the whe end. EDX 
nanocluster is composed primarily of Au. The scale bar is 50 nm. Fig. 1 8B shows a 
difflaction contrast TEM image of a 18 nm diameter CdSe nanowire. The uniform contrast 
indicates that flie nanowire is single crystal. The inset in Fig. 18B is an ED pattern, which 

20 has been indexed to the wurtzite structure, recorded along the <001> zone axis. The [1 10] 
direction of the ED pattem is parallel to the wire axis, and thus shows that growth occurs 
along the [1 10] direction. The scale bar is 50 nm. Fig. 18C shows a high-resolution TEM 

^ image of a ca. 13 nm diametS* CdSe nanowire exhibitiisg well-resolved (100) lattice — — 

planes. The experimental lattice spacing, 0.36 ± 0.01 mn is consistent with the 0.372 nm 

25 separation in bulk crystals. The 30^ orientation (100) lattice planes with respect to the 
nanowire axis is consistent with the [1 10] growth direction determined by ED. The scale 
bar corresponds to 5 nm. 

Laser-Assisted Catalytic Growth of Single Ciystal GaN Nanowires 
30 Single crystalline GaN nanowu^s have been synthesized in bulk quantities using 

laser-assisted catalytic growfli (LCG). Laser ablation of a (GaN, Fe) composite target 
generates liquid nanoclusters that serve as catalytic sites confining and directing the 
growth of crystalline nanowires. Field emission scanning electron microscopy shows that 
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the pioduct primaiily consists of i^dre-like structures, widi diameters on the order of 10 
nm, and lengths greatly exceeding 1 pm. Powder X-ray diffiaction analyses of bulk 
nanowire san[^les can be indexed to the GaN wurtzite structure, and indicate >9S% phase 
purity. Transmission electron microscopy, convergent beam electron diffiaction, and 
energy dispersive X-ray fluorescence analyses of individual nanowires show that they are 
GaN single crystals with a [100] growth direction. The synthesis of bulk quantities of 
single crystal nanowires of GaN and other technologically important semiconducting 
nitride materials should open up many opportunities for further fundamental studies and 
applications. 

Herein we report the bulk synthesis of single crystalline GaN nanowires. Laser 
ablation of a composite target of GaN and a catalytic metal generates liquid nanoclusters 
that serve as reactive sites confining and directing the growth of crystalline nanowires. 
Field emission scanning electron microscopy (FE-SEM) shows that the product primarily 
consists of wire-like structures. Powder X-ray diffraction (PXRD) analyses of bulk 
nanowire sample can be indexed to llie GaN wurtzite structure, and indicate >95% phase 
purity. Transmission electron microscopy (TEM), convergent beam electron difiOraction 
(CBED), and energy dispersive X-ray fluorescence (EDX) analyses of individual 
nanowires show that they are GaN single crystals with a [1 00] growth direction. 

Nanostructured GaN materials have attracted tensive interest over Hie past 
decade due to their significant potential for optoelectronics. These studies have primarily 
focused on zero dimensional (OD) quantum dots and two dimensional (2D) quantum well 
structures, which can be readily synthesized using established methods. Investigations of 
one dimensional (ID) GaN nanowires, which could enable unique opportunities in 
fundamental and applied research, have been limited due to difficulties associated with 
their synthesis. Specifically, there has been only one report of GaN nanowire growth. In 
this work, carbon nanotubes were used as templates in &e presence of Ga-oxide and NH3 
vapor to yield GaN nanowires. We have exploited predictable synthetic approach for GaN 
nanowire growth called laser-assisted catalytic growth (LCG). In this method, a pulsed 
laser is used to vaporize a solid target containing desired material and a catalyst, and the 
resulting liquid nanoclusters formed at elevated temperature direct the growth and define 
tibie diameter of crystalline nanowires through a vapor-liquid-solid growth mechanism. A 
key feature of this method is that tiie catalyst used to define ID growth can be selected 
fcom phase diagram data and/or knowledge of chemical reactivity. A related approach 
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temed solution-liquid-solid phase growfli has been used by Buhro and coworkers to 
prepare nanowires of several ni-V materials in solution, although not nitrides. 

In the case of GaN, detailed infoimation on ternary phase diagrams relevant to 
LCG (ie^j c-atelyst-Ga-N) is unavailable. However, we can use knowledge of the growth 
5 process to choose rationally a catalyst Specifically, the catalyst should form a miscible 
liquid phase with GaN but not form a more stable solid phase under tiie nanowire growth 
conditions. The guiding principle suggests tiiat Fe, yMcti dissolves both Ga and N, and 
does not fonn a more stable compound than GaN will be a good catalyst for GaN 
nanowire grovrth by LCG. The overall evolution of nanowure growth following the 

10 generation of the catalytic nanocluster by laser ablation is illustrated in Fig. 19. 

Significantly, we find that LCG using a GaN/Fe target produces a high yield of 
nanometer diameter wdre-like structures. A typical FE-SEM image of the product 
produced by LOG (Fig. 20A) shows that the product consists primarily of ID structures 
with diameters on the orders of 10 nm and lengths greatly exceeding 1 |jm; that is, high 

15 aspect ratio nanowires. The FE-SEM data also show that the products consist of ca. 90% 
nanowires, with the remaining being nanoparticles. We have also assessed the overall 
crystal stmcture and phase purity of the bulk nanowire samples using PXRD (Fig. 20B). 
All the relatively sharp dif&action peaks in the PXRD pattern can be indexed to a wurtzite 
structure with lattice constants of a = 3.187 and c = 5.178 A. These values are in good 

20 agreanent with literature values for bulk GaN: a = 3.1 89, c= 5. 182 A. Inaddition, 

comparison of the background signal and observed peaks indicates that the GaN wurtzite 
phase represents >95% of the crystalHne material produced in our syntheses. 

• - " The LCG experimental apparatus is siiniter to that 'reportol previousl^^ 

(atomic ratio (GaN):Fe=0.95:0.05) composite target was positioned witii a quariz tube at 

25 the center of a furnace. The experimental system was evacuated to 30 mtorr, and then 

refilled with anhydrous ammonia gas. While the pressure and flow rate were maintained at 
ca. 250 torr and 80 seem, respectively, tiie furnace temperature was increased to 900 °C at 
30 °C /min. A pulsed Nd-YAG laser (1064 nm, 8 ns pulse width, 10 Hz repetition, 2.5 W 
average power) was then used to ablate the target with a typical ablation duration of 5 min. 

30 After ablation, the furnace was turned off and allowed to cool to room temperature. The 
system was then vented and light yellowish powders were collected from the end of inner 
quartz tube wall. The product was used directly for FE-5EM and PXRD studies. The 
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product was suspended in e&anol and then transferred onto TEM grids for TEM, CBED 
and EDX measurements. 

The morphology, structure and composition of the GaN nanovdres have been 
characterized in further detail using TEH 

nanowires are straight with uniform diameters, and typically terminate in a nanoparticle at 
one end. Fig. 20A shows a representative dif&action contrast image of one nanowire. The 
uniform contrast along the wire axis indicates that the nanowire is a single crystal . The 
nanoparticle (dark, high contrast feature) observed at the nanowire end is faceted as 
expected following crystallization of the liquid nanocluster (Fig. 19). We have also used 
EDX to address the composition of the nanowires and terminal nanoparticles. Data 
recorded on the nanowire show only Ga and N in a ratio ca. the same as a GaN standard, 
while the nanoparticles contain Ga, N, and Fe. The presence of Fe (with Ga and N) only in 
the terminal nanoparticle confirms the catalytic nature of Fe in the synthesis. 

To probe further the importance of the catalyst, we have also investigated GaN 
nanowire growth using a Au catalyst Gold has been used recently as a catalyst for growth 
of a number of nanowires of m-V and II-VI mat^al, and as such might be expected to 
also function effectively in the growth of GaN nanowires. However, Au exhibits poor 
solubility of N and thus may not transport N efficiently to &e liquid/solid growth 
inter&ce. Consistent with this analysis, we have been miable to obtain GaN nanowire 
using the Au catalyst We believe that this highlights the unportant role of the catalyst and 
how it can be rationally chosea 

Lastly, we have chaiacterizsed the structuns of GaN nanowires in greater detail 
using CBED and Mgh resolution lEM (HRTEM). A typicd CBED pattda (iiiset. Fig. 
2 1 A) of a nanowire exhibits a sharp difGraction pattern consistent with the single crystal 
structure inferred &om the dif&action contrast images. Indexing this pattem further 
demonstrates that the [100] direction is aligned along the wire axis. In addition. Fig. 21B 
shows a lattice resolved HRTEM image of a GaN nanowire with a ca. 10 mn diameter. 
The image, which was recorded along the <001> zone axis, shows clearly the single 
crystal structure of the nanowire and the lattice planes alor^ the [100], [010] and [-1 10] 
directions. This image demonstrates that the [100] direction runs parallel to the wire axis, 
and thus confirms the [100] growth direction in GaN nanowires. 

In conclusion, we have exploited Ihe LCG method for the rational synthesis of 
GaN nanowires. Ifighly pure GaN nanowires were obtained as suigle oystals with a 
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unique [100] growth direction. We believe that Ihis approach, which is based on the 
predictable choice of catalyst and growth conditions, can be readily extended to the 
synthesis of InN, (GaM)N alloys and related nitride nanowires. The synthesis of bulk 
quantities of single crystal nanowires of GaN and other technologically important 
5 semiconducting nitride materials is expected to open up many opportunities for further 
fimdamental studies and applications. 

Fig. 19 is a schematic diagram showing GaN nanowire growth by laser-assisted 
catalytic growth. 

Fig. 20A shows a FE-SEM (LEO 982) image of bulk GaN nanowiies synthesized 
10 by LCG. The scale bar corresponds to 1 pm. Fig. 20B shows a PXRD (Scintag, 
XDS2000) pattern recorded on bulk GaN nanowires. The numbers above the peaks 
correspond to the (hkl) values of the wurtzite structure. 

Fig. 21 A shows a diffiaction contrast TEM (Philips, EM420) image of a GaN 
nanowire that terminates m a feceted nanoparticle of higher (darker) contrast The inset in 
IS Fig. 21A shows a CBED pattern recorded along <001> zone axis over the region indicated 
by the white circle. The white scale bar corresponds to 50 nm. Fig. 21B shows a HRTEM 
(JEOL 2010) image of another GaN nanowire with a diameter of ca. 10 mn. The im^e 
was taken along <001> zone axis. The [100], [010] and [-1 10] directions are indicated 
with the [100] parallel to the wire axis. The white scale bar corresponds to 5 nm. 

20 

Nanoscalc electronic and optoelectronic devices assembled from indinm phosphide 
nanowire building blocks 

One dunensionial nanbStructuiesi^such as^nanowkes-( 

25 are ideally suited for eflBcient transport of charge carriers and excitons, and thus are 
ejqpected to be critical building blocks for nanoscale electronics and optoelectonics. 
Studies of electrical tranq)ort m carbon NTs have led to the creation of field effect 
transistors (FETs), single electron transistors, rectifying junctions and chemical sensors. 
These results indicate exciting applications possible &om such materials, although the use 
30 of NT building blocks is quite limited m that selective growth and/or assembly of 

semiconducting or metallic NTs is not currentiy possible. The use of nanoscale structures 
as building blocks for bottom-up assembly of active devices and device arrays, which can 
elimmate the need jfor costiy fiabrication lines, will require that the electronic properties of 
tiie different blocks be bofli defined and controllable. To this end we report tiie rational 
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assembly of functional nanoscale devices fix>m compoundl semiconductor NW building 
blocks in which flie electrical properties have been controlled by doping. Gate-dependent 
transport measurements demonstrate that indium phosphide (InP) NWs can be synthesized 
witii controlled n-type and p-type. doping, and can function as nanoscale FETs. In 
addition, the availability of well-defined n- and p-type materials has enabled the creation 
of p-n junctions by forming crossed NW arrays. Transport measurements reveal that the 
nanoscale p-n junctions exhibit well-defined current rectification. Significantly, forward 
biased InP p-n junctions exhibit strong, quantum confined light emission makmg these 
structures perhaps the smallest light emitting diodes created to date. Lastly, electric field 
directed assembly is shown to be one strategy capable of creating highly integrated and 
functional devices from these new nanoscale building blocks. 

Single crystal InP NWs have been prepared by a laser-assisted catalytic growth 
(LCG), which has been described previously. The n-type and p-type InP NWs were 
prepared using telliuium (Te) and zinc (Zn) as dopants, respectively, and found to be of 
similar high quality as NWs produced without the addition of dopants. Field emission 
scanning electron nucrosccpy (FE-SEM) images of as-synthesized Zn-doped InP NWs 
(Fig. 22A) demonstrate that the wires extend up to tms of micrometers in length with 
diameters on the order of 10 nanometers. Ifigh-resplution transmission electron 
microscopy (TEM) images (inset, Fig. 22A) furrier show that the doped NWs are single 
crystals with <1 1 1> growth duections. Generally, a 1-2 nm amorphous over-layer on the 
NWs is visible in TEM images. This thin layer is attributed td oxides formed i?s^en the 
NWs are exposed to air after synthesis. The overall composition of mdividual NWs 
deteriniiied by energy dispersive X-ray (EDX) anaIysis was found to be^l rl lh:Pi thus^ 
confirming the stoichiometric composition of the NWs. EDX and other elemental analytic 
methods are, however, msufficiently sensitive to determine the doping level m individual 
NWs. 

To confirm the presence and type of dopants in the NWs, we have performed gate- 
dependent, two terminal transport measurements on individual NWs. In these 
measurements, the NW conductance will respond in an opposite way to change in gate 
voltage (Vg) for n-and p-type NWs. Specifically, Vg > 0 will lead to an accumulation of 
electrons and an increase in conductance for n-type NWs, while the same applied gate will 
deplete holes and reduce conductance for p-type NWs. Figs. 22B and 22C and 100c show 
the typical gate-dependent I- V curves obtained &om individual Te- and Zn-doped NWs 
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respectively. The I-V curves are nearly linear for both types of NWs at Vg = 0, indicating 
the rnetal electrodes make chnuc contact to the NWs. ^ 
recorded on Te-doped NWs show an increase in conductance for Vg> 0, while the 
conductance decreases for Vg < 0. These data clearly show that Te-doped InP NWs are n- 
5 ^e. Gate-dependent transport data recorded on Zn-doped NWs show opposite changes 
in conductance with variation in Vg compared to the n-type, Te-doped InP NWs. 
SpecificaUy, for Vg > 0, conductance decreases and for Vg < 0 conductance increases ^^^^ 
" ^ 22C). These results demonstrate fliat the Zn-doped InP NWs are p-type. 

Our results are quite reproducible. Measurements made on over twenty individual 

10 NWs, with diameters ranging from 20 nm to 100 nm, show gate effects in each case that 
are consistent with the dopant used during InP NW synthesis. In addition, the gate voltage 
can be used to completely deplete electrons and holes in n- and p-type NWs such that the 
conductance becomes immeasurably small. For example, the conductance of the NW in 
Fig. 22B can be switched from a conducting (on) to an insulating (off) state when Vg is 

15 less than or equal to -20 V, and thus it functions as a FET. The conductance modulation 
can be as large as 4-5 orders of magnitude for some of the NWs- The relatively large 
switching voltage is related to the tiiick (600 nm) oxide barrier used in our measurements. 
This gate-dependent behavior is similar to that of metal-oxide-semiconductor (MOS) 
FETs and recent studies of semiconducting NT FETs. An important distinction of our 

20 work with respect to NTs is that predictable semiconducting behavior can be achieved in 
every NW. Taken together, these results clearly illustrate that single crystal InP NWs can 
be synfliesized with controlled carrier type. Because these NWs are produced in bulk 

- - - _ — q^tities, they represent a readily availableniaterial^^^^^^^^ — 

arrays, 

25 The availability of well-defined n-and p-type NW building blocks opens up the 

possibility of creating complex functional devices by forming junctions between two or 
more wires. To explore this exciting opportunity, we have studied the transport behavior 
of n-n, p-p and p-n junctions formed by crossing two n-lype, two p-type, and one n-type 
and one p-type NW, respectively. Fig. 23 A shows a representative crossed NW device 

30 formed with a 29 nm and 40 nm diameter NW. The four arms are designated as A, B, C, 
D for the simplicity of discussion below. Significantly, the types of junctions studied are 
controllable &r every experiment since we can select the t/pes of NWs used to produce 
the crossed junction prior to assembly^ 
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Figs. 23B and 23C show the cmrent-voltage (I-V) data recorded on n-n and p-p 
junctions, respectively. For both types of junctions, the tninsport data recorded on the 
individual NWs (AC, BD) show linear or nearly linear I-V behavior (curves 80, Fig. 23B 
and curve 82, Fig. 23C). These results show that the metal electrodes used in the 
5 e?{perinients make ohmic or nearly ohmic contact to the NWs^ and will not make nonlinear 
contributions to the I-V measurements across junctions. In general, transport 
measurements made across the n-n and p-p junctions show linear or nearly linear behavior, 
and allow us to infer two important points about junctions made in this way. First, 
interface oxide between individxial NWs does not produce a significant tunneling barrier, 

10 since such a barrier will lead to highly non-linear I-V behavior. Second, the I-V curves 
recorded through each pair (AB, AD, CB, CD) of adjacent aims shows a similar curreat 
level, wMch is sinaUer than that oftheindividudl^s themselves. These results 
demonstrate that the junction dominates the transport behavior. Lastly, our data indicate 
that individual NWs make reasonably good electrical contact with each other, despite the 

15 small contact area (10"^^-10"^^ cm^) and sunple metiiod of junction fabricatiorL 

The good contact between individual NWs provides the basis for exploring these 
NW to make functional devices. As an example, we have made p-n junctions from 
crossed p- and n-type NWs. These junctions can be made reproducibly by sequential 
deposition of dilute solutions of n- and p-^e NWs with intermediate drying. Fig. 23D 

20 shows typical I-V behavior of a crossed NW p-n junction. The linear I-V of the individual 
n- and p-type NWs components (curves 84 and 86) indicates ohmic contact between the 
NWs and metal electrodes. Transport behavior across the p-n junction (curves 88) shows 

cle2ur£iu±ent rectification; i.e.'i^ 

current onset in forward bias- Signtficantiy, the behavior is similar to bulk semiconductor 

25 p-n junctions, which form the basis for many critical electronic and optoelectronic devices. 
In a standard p-n junction, rectification arises &om the potential barrier formed at the 
interface between p- and n-type materials. When the junction is forward biased (p-side 
positively biased), the barrier is reduced and a relatively large current can flow through the 
junction; on the oth^ hand, only small cunent can flow in reverse bias since the barrier is 

30 fiirther increased. 

There are several reasons we believe that the observed rectification is due to the p- 
n junction formed at the crossing point between p- and n-type MP NWs. First, the linear 
or nearly linear I-V behavior of individual p- and n-type NWs used to make the junction 
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shows that ohmxc contact have been made between the NWs and metal electrodes. This 
excludes the possibiUty that rectification arises from meta^ 

diodes. Second, the I-V behavior of the junction determined through every pair (AB, AD, 
CD, CD) of adjacent electrodes (curves 88 m Fig. 23D) «hibits a similar rectification 
5 effect and current level, which is also much smaller than the cunent level through the 
mdividual NWs. These results demonstrate that the junction dominates the I-V behavior. 
Third, four terminal measurements in which current is passed tiirough two adjacent 
electrodes (e.g., A-B) while the junction voltage drop is measured across two independent 
electrodes (e.g., C-D) exhibit similar I-V and rectification with only a slightiy smaller 

10 voltage drop (0. 1-0.2V) compared to two terminal measurements at the same current level. 
Lastiy, measurements made on ten independent p-n junctions showed similar rectification 
in the I-V data; i.e., significant current can only flow through p-n junctions when the p- 
type NW is positively biased. 

The above data show unambiguously that we can now rationally fabricate 

15 nanoscale p-n junctions. In direct band gap semiconductors like laP, the p-n junction 
forms the basis for the critical optoelectronics devices, including light emitting diodes 
(LED) and lasers. To assess whether our nanoscale devices might behavior sunilarly, we 
have studied tihe photoluminescence (PL) and electroluminescence (EL) from crossed NW 
p-n junctions. Significantly, EL can be readily observed fiom these nanoscale junctions in 

20 forward bias. Fig. 24A shows an EL image taken fit)m a typical NW p-n junction at 

forward bias, and tiie inset shows the PL unage of a crossed NW junctiorL The PL image 
clearly shows two elongated wire-like structures, and the EL image shows that tiie light 
comes from a point-lik« source;- Comparison of tiie-EL^and- - 
position of tiie EL maxunum corresponds to the crossing point in tiie PL image, tiius 

25 demonstrating the Ughtmdeed comes out from the NW p-n juiiction. 

The I-V characteristic of the junction (ioset, Fig. 24B) shows clear rectification 
with a sharp current onset at -1 .5 volts. The EL intensity versus voltage curve of tiie 
junction shows significant light can be detected with our system at a voltage as low as 1.7 
volts. The EL intensity increases rapidly with the bias voltage, and resembles the I-V 

30 behavior. The EL spectrum (Fig. 24C) shows a maximum intensity aroxmd 820 nm, which 
is significantiy blue shifted relative to tiie bulk band gap of InP (925 nm). The blue-shift 
is due in part to quantum confinement of the exdtons, although other factors may also 
contribute. The importance of quantum confinement can be seen clearly in EL results 
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recorded &om p-n junctions assembled from smaller (and.Iarger) diameter NWs (Fig. 
24D), vMdi show larger (smaller) blue-shiits. The ability to tune color with size in these 
nanoLEDs might be especially useful in the future. The quantum efiGciency (electron to 
photon) of these initial devices is relatively low, '^.001%, which is not surprising since 
5 we have paid littie attention to optimization. The ejBSciency is actually comparable to that 
(-0.002%) of early btilk InP LEDs. We attribute the low quantum efBciency to non- 
radiative recombination via surface states, and believe that this deleterious process can be 
reduced by surfece passivation. 

GaN is a direct wide bandgap semiconductor material, which emits light in the 

10 short wavelength (UV and blue) region at room temperature. Blue LEDs are important as 
emittere where strong, energy eflBcient and reliable light source are needed. Also it is 
important to enable production of full color LED displays and LED white lamp, since blue 
is one of the three prinotary colors (red, green and blue). 

H^e we report the first made BLUE/UV nanoLEDs (light emitting region on the 

15 orderof lOnm's), wMchisconstnictedwithP-typeSiandN-type(unintentio^^ 

GaN nanowires. Together with the nanoLED we reported before which emits light in the 
near IRregion, we show tiie great potential of making LEDs with different materials that 
would cover tiie full color sfpectrum. 

Fig. 25A shows an EL image taken from two P-type Si and N-type GaN crossed 

20 nanojunctions. The p-Si is doped with Boron. Fig. 25B shows current vs. voltage for 
various gate voltages. The hanojunction shows good rectification at different gate 
voltages. The EI spectrum shown in Fig 25C shows light emission is about 380 nm and 
476nm. A n-lS and^^^ 

To make highly integrated NW-based devices will ultimately require techniques to 

25 align and assemble these building blocks into well-defined arrays. To demonstrate the 
viability of this next stage of development, we have used electric fields (E-field) to align 
and position individual NWs into parallel and crossed arrays-two basic geometries for 
integration. The E-field directed assembly was carried out by placing a solution of NWs 
between electrodes (Fig. 26A), and then applying a bias of 50-100 V. The potential of this 

30 approach is readily seen in the case of alignment of a chlorobenzene suspended NWs 
betweeri parallel electrodes (Fig. 26B). FE-SEM images show that nearly all of the NWs 
are aligned perpendicular to the parallel electrodes and along E-field direction. We have 
also used electrode arrays to position individual NWs at specific positions. For example, 
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E-field assembly of NWs between an array of electrodes (Fig. 26C) demonstrates that 
individual NWs can be positioned to bridge pairs of diametrically-opposed electrodes and 
form a parallel array. In addition, by changing the field direction, the alignment can be 
done in a layer-by-layer fashion to produce crossed NW junctions (Fig. 26D). These data 
5 clearly show that B-field assembly represents a strategy to rationally dqposit individual 
NWs with Mgh degrees of directional and spatial control. We believe that highly 
integrated functional devices wiU be readily accessible using our NW building blocks in 
conjunction with this E-field and/or other assembly techniques^ 

Taken as a whole, the results presented in this letter provide a rational ^proach for 

10 the bottom-up assembly of nanoscale electronic and optoelectronic devices. Our 
demonstrated ability to assemble active devices in the absence of multi-billion doUar 
fabrication lines is of critical importance to Hie field and we believe augers well for the 
immediate and longer-term advances. We believe tihat the broad range of NW materials 
now available and the clearly defined ability to control their electronic properties will 

75 make possible nanoscale LEDs that cover the entire visible and near infrared range (e.g., 
GaN NWs for blue color). Such nanoscale light sources might be useful in creating new 
types of higihly parallel optical sensors and for optical inter-cozmeds in nanoeleclronics. 
Moreover, the assembly of doped NW buildmg blodcs clearly has great potential for 
creating many other types of electronic devices and possibly evm lasers. 

20 InP NWs were synthesized usmgLCG. The LCG target typically consisted of 

94% (atomic ratio) biP, 5% Au as tiie catalyst, and 1% of Te or 2^ as the doping element 
The furnace temperature (middle) was set at 800X during growth, and the target was 

-~ ^ ' placed at the i5)stream end rather than niiddle of the finnace. A pidsed (8 ns^ 10 Hz) Nd — 

YAG laser (1064 nm) was used to vaporize the target Typically, growth was carried out 

25 for 1 0 minutes with NWs collected at the downstream, cool end of the furnace. 

Transport measurement on individual NWs were carried out using published 
procedures. Briefly, NWs ware first dispersed in ethanol, and then deposited onto 
oxidized silicon substrates (600 nm oxide, 1-10 Q«cm resistivity), with the conductive 
silicon used as a back gate. Electrical contact to the NWs was defined using electron 

30 beam lithography (JEOL 6400). Ni/In/Au contact electrodes were thermally evaporated. 
Electrical transport measurements were made using home built system with < IpA noise 
under computer control. 
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The n-n and p-p junctioiis w&co obtained by random deposition. We first deposited 
NWs onto oxidized silicon substrates using relatively hig^ concentrations, determined the 
positioxis of crossed NWs, and then defined electrodes on all four arms of the cross by 
electron beam lifliography. Ni/In/Au electrodes were used to make contact to the NWs. 
J The p-n junctions were obtained by layer-by-layer deposition. First, a dilute 

solution of one type (e.g., n-type) of NW was deposited on the substrate, and the position 
of individual NWs was recorded. In a second step, a dilute solution of the other type (e.g., 
p-type) of NW was deposited, and the positions of crossed n- and p-type NWs were 
recorded. Metal electrodes were then defined and transport behavior was measured. 

10 EL was studied with a home-built micro-luminescence instrument. PL or scattered 

Ught(S14nm, Ar4on laser) was used to locate the position of the jimction. When the 
junction was located, the excitation laser was shut off, and then the junction was forward 
biased EL images were taken with a liquid nitrogen cooled CCD camera, and EL spectra 
were obtained by dispersing EL with a 150 line/mm grating in a 300 mm ^ 

15 Figs. 22A-22C illustrate doping and electrical transport of In? NWs. Fig. 22A 

shows a typical FE-SEM image of Zn-doped In? NWs. Scale bar is 1 0 pm. inset, lattice 
resolved TEM image of one 26 nm diameter NW. The (1 1 1) lattice planes are visible 
perpendicular to the wire axis. Scale bar is 10 nm. Figs. 22B and 22C show gate- 
dependent I- V behavior for Te- and Zn-doped NWs, respectively. The insets in Figs. 22B 

20 and 22C show the NW measured with two terminal Ni/In/Au contact electrodes. The scale 
bars correspond to 1 fim. The diameter of the NW in Fig. 22B is 47 nm, while that in Fig. • 
22C is 45 nm. Specific gate-volt^es used in the measurements are indicated on the right 
hand sides of the Figs, on the correspondmg I-V curves. Data were recorded at room 
temperature. 

25 Figs. 23 A-23D illustrate crossed NW junctions and electrical properties. Fig. 23 A 

shows a FE-SEM image of a typical oossed NW device with Ni/In/Au contact electrodes. 
The scale bar corresponds to 2 pm. The diameters of the NWs are 29 nm (A-C) and 40 
nm (B-D); the diameters of tiie NWs used to make devices were in the range of 20-75 nm. ' 
Figs. 23Bf-23D show I-V behavior of n-n, p-p and p-n junctions, respectively. The curves 

30 80 and 82 correspond to the I-V behavior of individual n- and p-NWs in the junctions, 
respectively. The curves 88 rqpresent the I-V behavior across the junctioiis. The current 
recorded for the p- and n- type NWs in Fig. 23D is divided by 10 for better viewing. The 
solid lines represent transport behavior across one pair of adjacent arms, and the dashed 
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lines repiesent that of the other three pairs of adjacent amois. Data were recorded at room 
temperature. 

Figs. 24A-24D illustrate optoelectrical characteiization of NW p-n junctions. Fig. 
24A is an EL image of the light emitted from a forward biased NW p-n junction at 2.5 V, 
5 The inset in Fig. 24A shows the PL image of the junction. Both scale bars correspond to 5 
jxm. Fig. 24B shows tte EL intensity versus voltage. The inset in Fig. 24B shows the I-V 
characteristics and the inset in the inset shows the FE-SEM image of the junction itself. 
The scale bar corresponds to 5 pm. The n-type and p-type NWs forming this junction 
have diameters of 65 and 68 nm, respectively. Fig. 24C shows an EL spectrum of the 

10 junction shown in Fig. 24A. The spectrum peaks at 820 nm. Fig. 24D shows an EL 
spectrum recorded from a second forward biased crossed NW p-n junction. The EL 
maximum occurs at 680 nm. The inset in Fig. 24D shows the EL image and demonstrates 
that the EL originates from the junction regioxL The scale bar is 5 ^m. The n-type and p- 
type NWs forming this junction have diameters of 39 and 49 nm, respectively, 

15 Figs. 26A-26D illustrate parallel and orthogonal assembly of NWs with E-fields. 

Fig. 26A is a schematic view of E-field alignment The electrodes (orange) are biased at 
50-100 V after a drop of NW solution is deposited on tiie substrate (blue) Fig. 26B shov^ 
a paraUel array ofNWs aligned between two parallel electrodes. The NWs were 
suspended in dilorobeiizme and aligned using an £^lied bias of 100 V. Fig. 26C shows a 

20 spatiaUy positioned paraUel array ofNWs obtained following E-field assembly using a 
bias of 80 V. The top inset in Fig. 26C shows 1 5 pairs of parallel electrodes with 
individual NWs bridging each diametrically opposed electrode pair. Fig. 26D shows a 

" caroled NW junction obtained using layer-byJayeraU 

orthogonal directions in the two assembly steps. The applied bias in both steps was 80 V. 

25 The scale bars in Figs. 26B-26D correq)ond to 10 |im. 

Bottom-Up Assembly of Nanoscale Electronic Devices from Silicon Nanowircs 

Four types of important fimctional nanodevices have been created by rational 
bottom-up assembly fit>mp and n-type silicon nanowires (SiNWs) with well controlled 
30 dopant type and level. In aU these devices, electrical transport measurements on 

individual p and n-type SiNWs suggested ohmic or nearly ohmic contact between SiNWs 
and leads. Significantly, four-probe measurements across pn junctions consisting of 
crossed p-type and n-type SiNWs showed current rectification behavior as expected for pn 
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diode behavior. ii*pn crossed junctioBS were also assembled to create bipolar transistors, in 
which common base/emitter current gains as large as 0.94/16 were obtained. 
Complementary inverters made of crossed lightly doped pn junctions showed clear output 
voltage inverse to input voltage with a gain of 0. 13. Tunnel diodes in form of heavily 
5 doped SiNW pn crosses showed negative differential resistance (NDR) behavior in 
forward bias with a peak-to-vailey ratio (PVR) of 5 to 1 . 

MiQiaturization of conventional electronics has been intensely pursued recently. 
But the fundamental limits of lithographical methods will prevent the current techniques 
from reaching the deep nanoelectronics regime. The use of nanoscale structures as 

JO building blocks for the bottom-up assembly of integrated devices, where both the 

fabrication and assembly of individual blocks are expected to be cheap, can thus eliminate 
greatly the cost of fabrication lines while still maintaining some concepts Hxat have proven 
successful in microelectronics. One dim^asional structures such as nanowires (NWs) and 
nanotubes (NTs) are ideal candidates as critical buildiog blocks for nanoelectromcs. How 

25 to construct the functional nanodevices and device armys with these building blocks is 
essential to nano sci^ice and technology. NTs have been tested as field effect transistors, 
single electron transistors. The NT-NWheterojunctions, NT intramolecular junctions and 
crossed junctions have also been demonstrated. However, the use of NTs in rational 
assembly is limited by unpredictability of individual tube properties because the specifi<c 

20 growth of metallic and semiconductor NTs is not controllable and controlled doping of 
semiconductor NTs is diflScult. 

Previously, we demonstrated the controlled doping of single crystal semiconductor 
' Sil^s, where the type 6^ 

concentration (from Ughtly to degenerately) were well controlled. These SiNWs, whose 
25 properties are predictable and controllable, therefore provide the critical building blocks 
for bottom-iip assembly of active devices and device arrays. It is possible that the highly 
dense SiNW device arrays can be formed by the directed assembly of chemical assembly, 
for example, the specific pq)tide binding to semiconductor, DNA base matching 
interaction, and/or the ligand-receptor interaction. To realize workable integrated devices, 
30 understanding the electrical properties of individual bottom-up assembled active devices is 
the prerequisite. Here we report the rational assembly of functional nanodevices from 
these SiNWs with diameters from 20 to SQnm and the device electrical properties. And 
we demonstrate that control of dopant type and doping level provides us the capability to 



wo 02/17362 PCT/USOl/26298 

-76- 

fehricate multiple types of electronic devices. Four ^s.of important functional 
stractures induding pn diodes, Wpolar tRfflsistors, complementaiy 
diodes were created by controllably combining SiNWs of varying p and n-type doping 
levels. Nanoscalepn junctions wa« created in form of crossed SiNW junctions. 

5 Electrical transport measuronents on tiiese pn junctions showed the current rectification 
predictable by semiconductor physics. We have exploitsd our ability to construct n^pn 
crossed SiNW junctions to bipolar transistors v^ch were demonstrated to have common 
" ^ base/emitter current gains as large as 0.94/16. The inverters made of Ughtiy doped pn 
crosses showed clearly the output voltage inverse to the input voltage witii voltage gain of 

JO 0.13. And the results of tunnel diodes made of heavily doped pn crossed showed NDR 
behavior inforward bias withaPVR of 5 to 1. The p-type and n-type SilWs were 
^thesized by usmg diborane and phosphorus, respectively as doping source during laser- 
assisted catalytic growth of SiNWs. Metal leads contact with SiNWs on doped silicon 
substrate with 600nm tiiermal oxide were defined by electron beam lithography. The pn, 

/J pp and nn junctions were formed by crossing one p-type and one n-type, two p-type and 
two n-^ SiNWs, respectively. The ^pes of junctions were controlled by choosing the 
types of SiNWs used to create a given junction. A typical field emission scannmg electron 
microscopy (FE-SEM) image of cross junctions is shown in Fig. 27 A, v^ae the four 
contact leads are labeled as 1, 2, 3 and 4 fisr the convenience of discussion. Fig. 27B 

20 shows cuirMit versus voltage CI-V) data on a pncrossedjunction with diameters of p and 
n-type SiNWs as small as 20.3 nm and 22.5 nm, respectively. Four-terminal measurraaents 
across junction were performed by flowing current between two adjacent leads (e.g., leads 
1-2 or leads 1-4, the positive cunent direction is from pto urtype SiNW) and measuring 
the voltage drop between the other two leads (e.g., leads 3-4 or leads 3-2). The I-V curve 

25 across junction (Fig. 27B curve 130) shows litfle current in reverse bias (negative bias in 
our setup) and very sharp current onset in forward bias (positive bias). In contrasl^ single p 
(between leads 1-3) and n-type (between leads 2-4) SiNWs show linear I-V behavior (Fig. 
27B curves 1 10 and 120, respectively), vMch suggests ohmic (not rectifying) contact 
between SiNWs and leads. And thus this rectifying behavior must be caused by junction 

30 itself. This behavior can be explained by tiie energy band diagrams of apn junction diode. 
The built-in potential barrier forms at the junction interface when p and n-type SiNW 
contact with each other. Electrons can not tunnel tiirough tiie wide space charge region 
forming at the junction mteifece but can be transported by tiiermal excitation. Forward 
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bias decreases the built-in potential barrier and thus large amount of current can flow (Fig. 
27E), while reverse bias increases the barrier and thus current level is low (Fig. 27F). 

The p and n-type SiNWs were dispersed in to aceton separately, p-n junctions were 
obtained by sequential deposition. The solution of one type of SiNWs (e.g., n-type) was 
5 first deposited onto the substrate and the positions of SiNWs were recorded with respect to 
alignment marlcs. Secondly, the solution of the other type of SiNWs (e.g., p-type) was 
deposited and the positions of crossed pn junctions were recorded, pp or nn junctions were 
obtained by depositing only one type of SiNW s : p-type or n-type. The junction positions 
were then recorded. 

10 The reasons why we believe the rectifying behavior is pn diode behavior instead of 

some other asymmetric tunneling barrier at the junction inter&ce are: (a). The intrinsic 
oxide layer of SiNWs is thin enougfh that electrons can easily tuimel through the oxide 
layer and the reasonable strong coupling between p and n-type wire at the junction still 
exists and thus the built-in potential barrier can form. This is confirmed by the transport 

/J measurements on pp and nn junctions. The single wires (between leadsl-3, 2-4) in pp (Fig. 
27C curves 110) and mi junctions (Fig. 27D curves 120) show linear or ahnost linear I-V 
behavior suggesting good contact Two traninal measurements (between leadsl-2, 1-4, 2- 
3, or 3-4) on pp (Fig. 27C curves 130) and nn (Fig. 27D curves 130) junctions show linear 
and almost linear I-V. Comparing two-terminal measxirement resistance across junctions to 

20 single SiNW resistance, we find that the magnitude of junction resistance is similar to the 
wire resistance, suggesting that the oxide doesn't cause significant electron tunneling 
barrier, (b) The measurements on 20 independent pn junctions showed consistent correct 
rectifying behavior. 

As the basic unit of most semiconductor devices, pn junctions provide the 

25 characteristics needed for rectifiers, amplifiers, switchiag circuits and many other 

electronic circuit functions. Success in making pn junction fix)m SiNW crosses provides 
us the possibility to make other important function^ devices. To demonstrate we can 
create not only passive device: p-n diode, but also the active device, we constructed 
bipolar transistor, which is capable of current gaia A bipolar transistor is a n'^pn (Fig. 28A 

30 left) or p'^np junction device, vdiich requires high doping level in enaitter, low doping in 
base and collector. Well control in doping of SiNWs provides us the capability to make 
this complex device. Our n*pn bipolar transistors were constructed by mechanically 
manipulating two n-type SiNWs (one heavily doped, the otiier lightiy doped) onto one 
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lightly doped p-type wire and were operated in common base configuration (Fig. 28 A 
right). Fig. 28B is atypical SEM image of bipolar tranastors. The SiNWs and junctions in 
transistors were first characterized individually. The I-V curves of three individual SiNWs 
are linear and fte two individual junctions have correct rectifying behavior. Tlien the n* 
5 type SiNW was used as emitter while the n-type as collector to do bipolar transistor 
measurements. The emitter-base (B-B) is always forward biased to inject electrons into 
base region. When the collector-base (C-B) voltage is greater than zero, the transistor is 
■ ' operated in the active mode, m which the C-B junction is reverse biased and only a very 
smaU leakage current will flow across the junction. However, the electrons injected fix>m 

10 emitter can diffuse through the base to reach the C-B junction space charge region and will 
be collected by collector. The actual collector current depends only on the injected 
electrons from emitter and thus depends only on the E-B voltage. This is clearly seen in 
Fig. 28C regime H, where the collector current goes high with the forward E-B voltage 
vMe change slowly with C-B voltage vMch results fi:om Early effect and the existence of 

/ 5 slowly increasmg leakage cunent with reverse bias. This demonstrates the transistor 
action: large current flow in a reverse biased collector junction can result firom carriers 
injected from a nearby emittK junctian. When the (C-B) voltage is bellow zero, the 
bipolar transistor works in saturation mode (Fig. 28C regime I), in which boHi E-B and C- 
B junctions are forward biased. The coUector current fi»m emitter injection will be 

20 compensated by the fiirward biased C-B current So the collector current goes down witii 
forward C-B voltage. The higher the forward bias on E-B, the higher the forward bias on 
C-B needed to conq»aisate the current to zero (Fig. 28C curve 1 to 4). 

., ....... _ Then^pn bipolar transistors were fibrieated-by dqwsilion'and macihamcal-=^ 

manipulation. First, p-type SiNWs were deposited fiom solution onto the substrate. In the 

25 second step, then* andn-type SiNWs were attached to sharp STM tips and released onto 
the p-type SiNWs under optical microscope. 

The common base cunrent gain of the bipolar transistor in active mode is as large 
as 0.94 (Fig. 28D) and the common emitter current gain is 16. Three hnportant points are 
suggested from this large current gain, (a) The efficiency of electron injection fi»m emitter 

30 to base is quite high, resulting ftom the higher doping concentration m emitter than in 
base, (b) Although the base region is wide (15um), the active interaction between emitter 
and coUect still exists. Most of injected electrons fi»m emitter can go through the base to 
reach the collector, which suggests that the mobiUty of electrons m base is quite high, (c) 
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The space charge region between base and collector has high efficiency to collect 
electrons and sweep ihem into collector, suggesting that the oxide barrier at the interface 
doesn't contribute significantly, which finAer confirms our analysis on single pn 
junctions. Our bipolar transistor can be improved, for example, by reducing the base 
5 width, to approach the performace of the commercial one in which the typical common 
base current gain is larger than 0.99. 

To exploit the applications of these bottom-up building blocks in logic circuit, and 
to fiirther demonstrate the capability that contoUed doping of SiNWs can provide us, we 
create a complementary inverter in form of a lightly p and a lightly n-doped SiNW cross. 

10 The schematics of an crossed SiNW inverter structure is shown in Fig, 29A (bottom) while 
that of an mverter in semiconductor physics is shown in Fig. 29A (top). The li^y doped 
p and n-type SiNWs in the inverter show very large gate effect and can be completely 
depleted as is shown for p-type SiNW in Fig. 29B inset As seen in Fig. 29B, the output 
voltage is negative (zero) with the positive(negative) input voltage, which is tiie typical 

15 inverter behavior. This behavior can e:q)lained like this: the depletion of n-type (p-type) 
wires by negative (positive) input makes the output equal to ground (bias). The voltage 
gain is calculated as 0.13, the slope of voltage inversion. The gain is lower than that in 
commercial inverters which is larger than 1, but can be improved by using thinner gate 
oxide layer instead of the 600nm oxide, which reduces the gate response of SiNWs, and 

20 using more lightly doped SiNWs, which needs more effort to make ohmic contact with 
and to be further investigated. 

While two crossed lightly doped p and n-type SiNWs make inverters, two crossed 
degenerately doped p* and n*-type SiNWs can form tunnel diodes. Di contrast to the pn 
junction, the tunnel diode do not show rectifying behavior, but rather show NDR behavior 

25 in forward bias, with a PVR of 5 to 1 shown in Fig. 29C. The difference can be e3q)lained 
by Esaki diode mechanism. The built-in potential forms when p"*" and n^-type contact each 
other, but the space charge region width is fliin enoi^ to allow electron tunneling. 
Electrons can tunnel through this thin space charge region under reverse bias (Fig. 29D 
left) and low forward bias (Fig, 29D middle) causmg the current to flow. Beyond a certain 

30 point, a fixrther increase in the forward bias results in the condunction band of the n-side 
moving into the band g£q> of the p-side (Fig. 29D right) which si?)presses electron 
tunneling and thereby reduces cuirenL Further increases of forward bias reduce the built-m 
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potential barrier which allows thermal excitation mechanism to dominate conduction and 
the current goes high. 

The results described here danonstrate the bottom-up assembly of multiple types 
of nanoscale electronic devices from doped SiNWs with control over both dopant type and 
J doping leveL The individual devices show predictable behaviors similar to the 

conventionally fabricated devices. The mass production and high mtergration of these 
functional nanodevices can be realized by chemical assembly assisted with electric field 
and flowing solution aligmnent, which will lead to exciting practical applications in 
nanoelectronics while avoiding high cost fabrication lines.. Moreover, we can expect that, 

10 in conjunction with optical signal, pn diode crosses can function as photodiodes and pn 
solar cells, and bipolar transistor crosses can form phototransistors. 

The aligmnent of NW by electric field and flowing solution produced one-type of 
parallel NW arrays. Switching the direction of electric field and flowing solution to lay 
down the the other type of NWs can form very dense NW crosses. 

.15 Figs. llArlT^ illustrate crossed SiNW junctions. Fig: 27A shows atypical FE- 

SEM image of crossed NW junctions with Al/Au as contact leads. The scale bar is 2 
pm.The diameters of NWs are m the range of 20 to 50mn. Figs. 27B-27D show I-V 
behavior of pn, pp and nn junctions, respectively, llie curves 1 10 and 120 correspond to 
the I-V behavior of individual p and n-type SiNWs injunctions, respectively. The curves 

20 130 represent tiie four-temoinal I-V through pn junction m Fig. 27B and two terminal I-V 
through pp and nn junction in Figs. 27C and 27D, respectively. In Fig. 27B, the solid line 
is I-V by following current between lead 1 and 2 and simultaneouly measuring the voltage 
- between lead3 and4wMe1he-dashedIinecorrq)ondstothatb^^ - 
between 1 and 4 and measuring voltage betwem 3 and 2. In Figs. 27C and 27D, the solid 

25 lines are I-V across one pair of adjacent leads (1-2) and the dashed Knes are those across 
the other three pairs (1-4, 2-3, 3-4). Figs. 27E and 27F show the energy band diagrams of 
a pn junction under forward bias and reverse bias, respectively. 

Figs. 28A-28D illustrate n*pn crossed SiNW bipolar transistors. Fig. 28A shows 
the common base configuration schematics of an n'*'pn bipolar transistor in semiconductor 

30 physics (left) and in crossed SiNW stmcture (right). The n^ p and n-type SiNWs function 
as emitter, base and collector, respectively. Base is grounded. Emitter is negatively 
biased at specific values. Collector voltage is scanned firom postive to negative. Fig, 28B 
shows a typical FE-SEMiniageofSiNW bipolar transistor. The s Fig. 
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28C sho^ a collector current vs collector-base voltage behavior recorded on an n'^pn 
transistor with emitter and base SiNWs 15um apart. Curve 1 to 4 correspond to the 
behavior at emitter-base voltages of -1, -2, -3, -4V. Regime I and n are separated by 
dashed line, correponding to saturation mode and active n[iode, respectively^ Fig.28D 
shows common base current gain vs collector-base voltage. 

Figs, 29A-29D illustrate complementary inverters and tunnel diodes. Fig.29A 
shows schematics of a complementary inverter structure in semicondutor physics (top) and 
that formed by a lightly doped pn cross (bottom). In bottom schematics, one end of n-type 
NW is biased at -5 V and one end of p-type NW is grounded. Input voltage is back gate 
voltage and the other ends of p and n-type NWs are shorted as output termmal. Fig. 29B 
shows ou^ut voltage vs input voltage data in a pn cross inverter. The inset in Fig. 29B is 
the I-V curves of p-type NW in the inverter. Curve 1 to 5 correspond to I-V at back gate 
voltage -50, -30, -10, 0 and lOV, respectively. The n-type NW in this inverter has similar 
I-V behavior and can be completely depleted at a gate voltage of -30V. Fig. 29C shows 
two tenninal mearsurement data of a tunnel diode made j&om a heavily doped pn cross. 
The I-V behavior of individual p and h-type SiNWs have been tested to be linear. The 
inset in Fig. 29C spreads out the part of I-V curve showing NDR. Fig. 29D shows the 
energy band diagrams of a crossed SiNW tuxmel diode. At reverse bias (e.g. at position 1 
in Fig. 29C) , electrons can tunnel through the junction (left diagram). At small forward 
bias (e.g. at position 2 in Fig. 29C), electron tunneling is also petmitted (middle diagram). 
At further increased forward bias (e.g. at position 3 in Fig. 29C), electron tunneling is 
forbidden (right diagram). 

Controlled Placement of Nanowires on Surfaces 

1 . A stable suspension of Nanowires (^^Ws) in ethanol was prepared by 
sonicating NWs in ethanol in a bath sonicator for around 3 minutes. 

2. The substrate ( silicon wafter ) was covered by a self-assembled 
monolayer (SAM) with -NH2 terminatioiL 

3 . The microflmdic molds are made of PDMS. A microchannel formed when the 
substrate came in contact with PDMS mold, with three walls of the conduit corresponding 
to the molded feathures in the mold and the fourth 

corresponded to flie surface of the substrate, v*ich was chemically 
modified as described in 2. 
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4. The NWsiispension flowed through as-made microch^ 
application of +100 volt bias on the substrate. After a flowing time 
around lOiiiin, the diamiel was washed with ethanol, the^ 
naturally. WhrathePDMS stamp was removed, we got >r\Vsanaysatigned in 

5 the flow direction on the substrate sur&ce. 

5. By alteration the flow direction, and applying layer-by-kyersch^ 
we can get multiple cross-bars out of the NW arrays, which is supposed to 
be the most important configuration for the devices we made fix>m NWs. 

6. By patterning the surface, we can get the NWs aligned ( positioned) m 
10 certain place, thus make it possible to create more regular arrays of 

devices. 

Patterning process: 1. a layer of PMMA was spin-coated on the substrate 
surface, then use EBL (Electron Beam Lithography) to write pattern, 
i.e. to selectively exposed Si surface which was later 

15 chemically functionalized. (as in 2). n. Now we have the PMMA trenches, 
the bottom of which is exposed Si surface covered with -NH2 SAM. When we 
flow NW suspensions over these patterns, (as described in 4, 5,j\jst tiie 
sur&ce m this case is patterne(Q, the NWs will be directed into PMMA 
trenches. At last we lift off Ihe PMMA, together with the NWs stick on 

20 PMMA sur&ce. So only those stay on the bottom of tiie PMMA trenches left 
on tile substrate surface, tiius we get clean arrays of devices. 

Directed Assembly of One Pimensioiial Nanostractarcs- into Faactio Networks- - 
One-dimensional nanostructuies, such as nanowires and nanotubes, represent the 

25 smallest dimension for efficient transport of electrons and excitons, and tiius are ideal 
building blocks for hierarchical assembly of fimctional nanoscale electronic and photonic 
stmctures. We report an approach for the hierarchical assembly of one-dimensional 
nanostructures into well-defined functional networks. We show that nanowhres can be 
assembled into parallel arrays with control of the average separation, and by combining 

30 fluidicaUgmnent with surface patterning techmques that it is also possible to c^ 

periodicity. In addition, complex crossed nanowire arrays can be prepared using layer-by- 
layer assembly with different flow directions for sequential steps. Transport studies show 
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fhat the crossed nano^vire arrays form electrically conducting networks^ ^^dth individually 
addressable device function at each cross point 

Nanoscale materials, for example, nanoclusters and nanowires (NWs), represent 
attractive building blocks for hierarchical assembly of fimctioiial nanoscale devices that 
5 could overcome fundamental and economic limitations of conventional lithography-based 
fabrication. Research focused on zero-dimensional nanoclusters has led to significant 
advances, including the assembly of arrays vn&i order extending from nanometer to 
micrometer length scales. In contrast, the assembly of one-dimensional (ID) 
nanostructures, such as NWs and carbon nanotubes Q>r[s% has met with much less 
10 success, although these materials offer great potential as building blocks for applications 
in nanoelectronics and photonics. 

To achieve the substantial potential of NWs and NTs in these and oibsr areas of 
nanotechnology, will require the controlled and predictable assembly of well-ordered 
structures. We report an approach for hierarchical assraibly of ID nanostructures whereby 
15 NWs are aligned hi fluid flows with the separation and spatial location readily controlled. 
Crossed NW arrays were also prq)ared using layer-by-layer assembly with differCTit flow 
directions for sequential steps. Transport studies show that the ax>ssed NW arrays form 
electrically conducting networks, with individually addressable device function at each 
NW/NW cross point This approach can be potentially used for organizing other ID 
20 nanostructures into highly integrated device arrays, and thus offers a general pathway for 
bottom-up assembly of new electronic and photonic nanosjrstems. 

The gallium phosphide (GaP), indium phosphide (InP) and silicon (Si) NWs used 
. in these studies were synthesized by laser assisted catalytic growth, and subsequentiy 
suspended in ethanol solution. In general, we have assembled arrays of NWs by passing 
25 suspensions of the NWs through fluidic channel structures formed between a 

poly(dimethylsiloxane) (PDMS) mold and a flat substrate (Fig. 30A and 30B). Parallel and 
crossed arrays of NWs can be readily achieved using smgle (Fig. 30A) and sequential 
crossed (Fig. 30B) flows, respectively, for tiie assembly process as described below. 

A typical example of parallel assembly of NWs (Pig. 3 1 A) shows that virtually all 
30 tiie NWs are aUgned along one dkection;i.e. the flow direction. There are also some sm^ 
' deviations with respect to the flow direction, which we will discuss below. Examination of 
the assembled NWs on larger length scales (Fig. 3 IB) shows tiiat the alignment readily 
extends over hundreds of micrometers. Indeed, alignment of the NWs has been found to 



wo 02/17362 PCT/USOl/26298 

-84- 

extend up to millimeter length scales, and seem to be limited by the size of the fluidic 
channels, based on e^qperiments carried out using channels with widths ranging from SO to 
500 (xm and lengths &om 6-20 mm. 

We have cairied out several types of experiments to understand factors controlling 
5 tiie alignment and average separation of the NWs. Fkst, we find that the degree of 

alignment can be controlled by the flow rate. With increasing flow rates, the width of the 
NW angular distribution with respect to the flow direction (e.g., inset Fig. 3 IC) 
significantly narrows. Comparison of the distribution widths measured over a range of 
conditions shows that the width decreases quickly from our lowest flow rate, - 4 mm/s, 

10 and approaches a nearly constant value at --10 mm/s (Fig. 31G). At the highest flow rates 
examined in our studies, more than 80% of the NWs are aligned within ± 5 degrees of the 
flow direction (inset, Fig. 3 IC). Our observed results can be explained within the 
. framework of shear flow. Specifically, the channel flow near the substrate sur&ce 
resembles a shear flow and aligns the NWs in the flow dfrection before they are 

/i immobilized on the substrate. Higher flow rates produce larger shear forces, and hence 
lead to better alignment 

In addition, the average NW sur&ce coverage can be controlled by the flow 
duration (Fig. 3 ID). E3q)eriments carried out at constant flow rate show that the NW 
density inoreases systematically with flow duration. In these experiments, a flow duration 

20 of30minproducedadensity ofca.250NWs/100jmioranaverageNWyNW separation 
of -400 nm. Extended deposition time can produce NW arrays with spacings on the order 
of 1 00 nm or less. We note that the deposition rate and hence average separation versus 

^ * time depends strongly on the~surf ace "chemical ftinctibnality. Specifically, we have shown 
that the GaP, InP and Si NWs deposit more rapidly on amino-terminated monolayers, 

25 which possesses a partial positive charge, than on either methyl-terminated monolayers or 
bare Si02 surfaces. It is also important to recognize that the miniTnum separation of 
aligned NWs that can be achieved without NW-NW contacts will depend on the lengths of 
the NWs used in the assembly process. Recent progress demonstrating control of NW 
lengths firom the 100 nanometer to tens of miorometer scale should mcrease the range of 

30 accessible spacings without contact 

Our results demonstrate ordering of NW structure oyer multiple length scales^ 
organization of nanometer diameter wires with 100 nm to micrometer scale sqparations 
over millimeter scale areas. This hierarchical ord^ can readily bridge the microscopic and 
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macroscopic worlds, although to enable assembly with greatest control requires that the 
spatial position also be defined. We have achieved this important goal by utilizmg 
complementary chemical interactions between chemically pattmied substrates and NWs 
(Fig. 32A). SEM images of representative e:q)eriments (Figs. 32B-32D) show parallel NW 
5 arrays with lateral periods the same as those of the surface patterns. These data 
demonstrate that the NWs are preferentially assembled at positions defined by the 
chemical pattern, and moreover, show that the periodic patterns can organize the NWs into 
a regular superstructure. It is important to recognize that the patterned sur&ce alone does 
not provide good control of the ID nanostructure organization. Assembly of NTs and 

10 NWs on patterned substrates i^ws ID nanostructures aligned with, bridgings and looping 
around patterned areas with little directional control. Our use of fluid flows avoids these 
significant problems and mables controlled assembly in one or more directions. By 
combining this approach with other surface patterning me&ods, such as nanoscale domain 
foroDtation in diblock copolymers and spontaneous ordering of molecules, it should be 

75 possible to generate well-ordered NW arrays beyond the limitations of conventional 
lithography. 

Our general approach can be used to organize NWs into more complex crossed 
structures, which are critical for building dense nanodevice arrays,.using the layer-by-layer 
scheme illustrated in Fig. 3 IB. The formation of crossed and more complex structures 

20 requires that the nanostructure-substrate interaction is sufficientiy strong that sequential 
flow steps do not affect preceding ones: we find that this condition can be achieved. For 
example, alternating the flow in orthogonal directions in a two-step assembly process 
yields crossbar structures (Fig 33 A and 33B). Bolii Figs, show tibat multiple crossbars can 
be obtained with only hundreds of nanometer separations between individual cross points 

25 in a very straightforward, low cost, fast and scalable process. Although the separations 
between mdividual NWs are not completely uniform, a periodic array can be easily 
envisioned using a pattemed sux&ce as described above. Significantiy, these crossbar 
structures can yield functional devices (see below). 

We believe that our approach for directed assembly of multiple crossed NW arrays 

30 offers significant advantages over current efforts, which have used random deposition, 
direct manipulation of individual NWs and NTs and electric fields to make single crossed 
structures. With random deposition and manipulation it is dif&cult to obtain multiple 
crossbars required for mtegrated nanodevices. While electric fields enable more control 
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over assembly, this method is also limited by ® electrostatic interference between nearby 
electrodes as separations are scaled below the micrometer level and (ii) fte requirement of 
extensive lithography to febiicate the electrodes fer assembly of multiple NW device 
structures. Our fluidic approach is intrinsically very parallel and scalable, and moreover, it 
5 allows for the directed assembly of geometrically complex structures by simply 

controlling the angles between flow directions in sequential assembly steps. For exanq)Ie, 
an equilateral triangle (Fig. 33C) was assembled in a three-layer deposition sequence using 
' 60"* angles between the three flow directions. The method of flow alignment thus provides 
a flexible way to meet the requirements of many device configurations, including those 

JO requiring assembly of multiple 'layers' of NWs. 

Electric fields can be used to align suspensions of semiconductor NWs into parallel 
NW arrays and single NW crosses, where pattemed micro-electrode arrays are used to 
create a field pattern. Fringing fields and charging can, liowever, lead to significant 
complications in the assembly of multiple crosses at the submicron scale. 

IS An important feature of this layer-by-layer assembly scheme is that each layer is 

independent of the others, and thus a variely of homo- and hetero-junction configurations 
can be obtained at each crossed point by simply changing the composition of the NW 
suspension used for each step. For example, it should be possible to direcdy assemble and 
subsequently address individual nanoscale devices using our approach with n-type and p- 

20 type NWs and NTs, in which the NWs/NTs act as both the wiring and active device 

elemmts. A typical 2x2 crossbar array made of n-type InP NWs, in which all eight ends 
of the NWs are connected by metal electrodes, demonstrates this pomt (Fig 33D). 
Traiisportmeasurements (Fig. 33E) show tha^ 

eight ends, and enable the electrical characteristics of individual NWs and the NW-NW 
25 junctions to be zssessed. The current-voltage (I-V) data recorded for each of the four cross 
points exhibit linear or nearly linear behavior (curves 200), and are consistent with 
expectations for n-n type jxmctions. Because single NW/NW p-n junctions formed by 
random deposition exhibit behavior characteristic of light-emittmg diodes (LEDs), we 
believe it is apparent that our approach could be used to assemble high-density and 
30 individually addressable nanoLEDs and electronically more complex nanodevices. 

These studies provide a general and rational approach for hierarchical assembly of 
ID nanomaterials into well-defined fimctional networks that can bridge the nanometer 
tiirough millimeter size reghnes. We have shown that NWs can be assembled mto parallel 
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airays mlt control of the average sepaiatibn, and by combining fiuidic aligmn^ with 
surface patterning techniques that it is also possible to control periodicity. In addition, we 
have demonstrated the possibility of layer-by-layer assembly of crossed and more complex 
structures by varying the flow direction in sequential steps, and have obtained preliminary 
5 results suggesting that this approach can be extended to ID nanostructures, such as carbon 
NTs. We believe that flow assembly represents a general strategy for organization of NW 
and NT building bloclcs mtb structures needed for wiring, interconnects and functional 
devices, and thus could enable a bottom-up manu&ctunng paradigm for future 
nanotechnologies. 

10 Additional studies show that suspensions of single-walled carbon nanotubes and 

duplex DNA can be aligned in parallel airays using the fluidic approach. 

Figs. 30A and SOB are schematics of fluidic channel structures for flow assonbly. 
Fig. 30A shows a channel formed when the PDMS mold was brought in contact with a flat 
substrate. NW assembly was carded out by flowing a NW suspension inside the channel 

75 with a controlled flow rate for a set duration. Parallel airays of NWs are observed in the 
flow direction on the substrate when the PDMS mold is removed. Fig. SOB illustrates that 
multiple crossed NW arrays can be obtained by changing the flow direction sequentially in 
a layer-by-layer assembly process. 

Figs. 3 1 A-3 ID illustrate parallel assembly of NW arrays. Figs. 3 1 A and 3 IB are 

20 SEM images of parallel arrays of InP NWs aligned in channel flow. The scale bars 

correspond to 2 |im and 50 pm in Figs. 31A and 3 IB, respectively. The silicon (SiOa/Si) 
substrate used in flow assembly was fimctionalized with an amino-terminated self 
assembled monolayer (SAMT) by immersion in a ImM chloroform solution of 3- 
aminopiopyltiieflioxysilane (APTES) for 30 min, followed by heating at 110 ''C for 10 

25 THTTi All of the substrates used in the following experiment were fimctionalized in a 

sunilar way unless otherwise specified. Fig. SIC shows NW angular spread with respect 
to the flow direction vs. flow rate. Each data point in the Fig. was obtained by statistical 
analysis of angular distribution of -^200 NWs (e.g., see hsset). The inset shows histogram 
of NW angular distribution at a flow rate of 9.40 mm/s. Fig, 3 ID shows the average 

30 density of NW airays vs. flow time. The average density was calculated by dividing the 
average number of NWs at any cross section of the channel by tiie width of the channel. 
All of the experiments w^ carried out with a flow rate of 6.40 mm/s. 
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Figs. 32A-32D illustrate assembly of periodic NW arrays. Fig. 32A is a schematic 
view of the assembly of NWs oxrto a chemically patterned substrate. The light gray areas 
correspond to amino-terminated sur&ces, vMLe the dark gray area corresponds to either 
methyl-terminated or bare surfaces. NWs are preferentially attracted to the amdno- 
5 terminated regions of the surfece. Figs. 32B and 32C show parallel arrays of GaP NWs 
aligned on poly(methylmethacrylate) (PMMA) patterned suifece wifli 5 pm and 2 pm 
separation. The dark regions in the image correspond to residual PMMA, while the bright 
regions correspond to the amino-terminated SiOi/Si surface. The NWs are preferentially 
attracted to amino-terminated regions. The PMMA was patterned with standard electron 

10 beam (E-beam) lithography, and the resulting SiOi surface was functionalized by 

immersing in a solution of 0.5% APTES in ethanol for 10 min, followed by 10 min at 100 
^C. The scale bars conesfpond to 5 pm and 2 fxm in Figs. 32B and 32C, respectively. Fig. 
32D shows parallel arrays of GaP NWs with 500 run separation obtained usmg a pattemed 
SAM surfece. The SiOa/Si surfece was first functionalized with methyl-terminated SAM 

IS by immersmg in pure hexamethyldisilazane (HMDS) for 15 min at 50 °C, followed by 10 
min at 1 10 °C. This siafece was pattemed by E-beam lithography to form an array of 
parallel features wifli 500 nm period, followed by fimctionalization using APTES, The 
scale bar corresponds to 500 nm. 

Figs. 33A-33E illustrate layer-by-layer assembly and transport measurements of 

20 crossed NW arrays. Figs. 33 A and 33B show typical SEM images of crossed arrays of InP 
NWs obtained in a two-step assembly process with orthogoixal flow directions for flie 
sequential steps. Flow directions are Hghlighted by arrows in the images. Fig. 33C shows 
an equilateral triangle of GaP NWs obtained m three-step assenibly process, with 60® " '" 
angles between flow directions, which are indicated by numbered arrows. The scale bars 

25 correspond to 500 nm in the three images. Fig. 33D shows an SEM unage of a typical 2x2 
cross array made by sequential assembly of n-type InP NWs using orthogonal flows. 
Ni/In/Au contact electrodes, which were deposited by thermal evaporation, were pattemed 
by E-beam lithography. The NWs were briefly (3-5 s) etched in 6% HF solution to remove 
the amorphous oxide outer layer prior to electrode depositioiL The scale bar corresponds 

30 to 2 \mi. Fig. 33E shows representative I-V curves fix>m two-terminal measurements on a 
2x2 crossed array. The curves 210 represent the I-V of four individual NWs (ad, b& 
eh), and the curves 200 represent I-V across the four n-n crossed junctions (ab, cd, e^ gh). 
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We have demonstrated field effect transistors, pn junctions, light emission diodes, 
bipolar transistors, complementary inverters, tunnel diodes. We can make all the existing 



types oj 



semiconductor devices using nanowires. The following are potential applications: 

1) Chemical and biological sensors 

2) Memory and computmg 

3) Photodetector and polarized light detector 

4) Indicating tag using the photoluminescence properties 

5) Single electron transistors 

6) Lasers 

7) Photovoltaic solar cells 

8) Ultm-sharp tip for scanning probe microscopy and near-filed imaging 
[9) Ultm-small electrodes for electrochemical and biological applications 

1 0) Interconnect wires for nanoelectronics and optoelectronics 

1 1) Temperature sensors 

12) Pressure sensors 

13) Flow sensors 

14) Mass sensors 

15) Single photon emitters and detectors 

1 6) Ballistic transport and coherent transport for quantum computing 

17) Spintronics devices 

1 8) Assembly of nanowires for 2D and 3D photonic bandgap materials 



The following is a description of alternate techniques for assembling nanowires to 
form devices. Fluidics can be used to assemble nanowires. 
25 Nanowires (or any other elongated structures) can be aligned by inducing a flow of 

nanowire solution on sur&ce, wherein the flow can be a dbannel flow or flow by any other 
ways. 

Nanowire arrays with controlled position and periodicity can be produced by 
patterning the surface of the substrate and/or conditioning sur&ce of the nanowires with 
30 different fonctionalities 

Wherein the position and periodicity control is achieved by designing specific 
conq)lementary forces (chemical or biological or electrostatic or magnetic or optical) 
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between the patterned surface and wires, such as A wire goes to A' pattaned area, B wire 
goes to B ' patterned area, C wire goes to C pattomed area, etc . 

Wherein the sur&ce of the substrate and/or nanowires can be conditioned with 
different molecules/materials, or different charges, different magnetos or different light 
5 intensities (eg. by interference/dif&action patterns fiom light beams.) or a combination of 
these. 

As-assembled nanowire arrays could also be trazisfened to another substrate. ( 6.g. 
by stamping) 

Nanowires can be assembled by complementary interaction. Flow is used for 
10 assembly of nanowires in the above methods, although it is not limited to flow only. 

Complementary chemical, biological, electrostatic, magnetic or optical iuteractions alone 
can also be exploited for nanowire assembly (although with less control). 

Nanowires can be assembled using physical patterns. Deposit nanowire solution 
onto substrate with physical patterns, such as surface steps, trenches, etc. 
15 Nanowires can be aligoed along the comer of the sur&ce steps or along the 

trenches. 

Phj^cal patterns can be formed by the natural crystal lattice steps or self- 
assembled diblock copolym^ stripes, or imprinted patterns or any other patterns 
Nanowires naay be assembled by electrostatic or magnetic force between 
20 nanowires. By introducing charge onto nanowire surface, electrostatic forces between 
nanowires can align them into certain patterns, such as parallel arrays. 

Nanowires can be assembled using a LB film. Nanowires were first surface 
conditioned and dispersed to the surfece of a liquid phase to form a Langmuir-Blodgett 
(LB) film. Nanowires can then be aligned into different patterns ( such as parallel arrays) 
25 by compressing the surface* Then the nanowue patterns can be transferred onto desired 
substrate. 

Nanowires can be assembled by shear stretching by dispersing nanowires in a 
flexible matrix (which could be polymers), followed by stretching the matrix in one 
direction, nanowires can be aligned in the stretchmg direction by tiie shear force induced. 
30 The matrix can then be removed and the aligned nanowire arrays can be transferred to 
desired substrate. 
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Wherdn the stretching of the matrix can be induced by mechanical, electrical 
optical, magnetic force. And the stretching direction could be eidier in Hie plane of the 
substrate or not 

Having now described some illustrative embodiments of the invention claimed 
below, it should be apparent to those skilled in the art that the foregoing is merely 
illustrative and not limiting, havmg been presented by way of example only. Numerous 
modification and other illustrative embodiments are within the scope of one of ordinary 
skill in the art and are contemplated as falling within the scope of the claims set forth 
below. In particular, although many of the examples presented herein involve specific 
combinations of method acts or system elements, it should be understood that those acts 
and those elements may be combined in other ways to accomplish the same objectives. 
Acts, elements and features discussed only ui connection with one embodiment of a 
system or method are not intended to be excluded fix>m a sintdlar role in other 
embodunents. Further, for the one or more means-plus-function limitations recited m the 
following claims, the means are not intmded to be limited to the means disclosed herein 
for performing the recited function, but are intended to cover in scope any equivalent 
means, Imown now or later developed, for perfornung the recited fm 

What is claimed is: 
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CLAIMS 

1 . A j&ee-standing and bulk-doped sexmconductor comprising at least one portion 
having a smallest width of less than 500 nanometers. 

2. The seniiconductorofclaiml, wherein ^eseiniconductor comprises^ 
an interior core conpising a Gxst semiconductor; and 

one or more exterior shells exterior to the interior core, at least one of the exterior 
shells comprising a different material than the first semiconductor. 

3 . The semiconductor of claim 1 , wherein the semiconductor comprises an elemental 
semiconductor. 

4. The semiconductor of claim 3, wherein the elemental semiconductor is selected 
from a group consisting of: Si, Ge, Sn, Se, Te, B, Diamond and P. 

5. The semiconductor of claim 1, wherein the semiconductor comprises a solid 
solution of elemental semiconductors. 

6. The semiconductor of claim S, wherein the solid solution is selected fix)m a group 
consisting o£ B-C, B-P(BP6), B-Si, Si-C, Si-Ge, Si-Sn and Ge-Sn. 

7. The s^conductor of claim 1, wherein the semiconductor comprises a Qrovp TV- 
Group IV semiconductor. 

8. The semiconductor of claim 7, wherein flie Qroxxp TV-Qtovp TV semiconductor is 
SiC. 

9. The semiconductor of claim 1, wherein the semiconductor comprises a Group El- 
Group V semiconductor. 

10. The semiconductor ofclaim 9, wherein the Group IE-Group Vsenucondu^ 
selected j6om a group consisting of: BN/BP/BAs, AlN/AlP/AlAa/AlSb, 
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GaN/GaP/GaAs/GaSb, IriN/InP/InAs/InSb, 



PCTAJSOl/26298 



11. The semiconductor of claim Iji^iierein the se^ 

comprising a combination of two or more Oronp JHrOtoxsp V semiconductors fix)m a 
5 group consisting of: BN/BP/BAs, AlN/AlP/AIAs/AlSb, GaN/GaP/GaAs/GaSb, 
InN/InP/InAs/InSb. 

12. The semiconductor of claim 1, wherein the semiconductor comprises a Gxoiq) II- 
Group VI semiconductor. 

JO 

13. The soniconductor of daim 12, wherein the semiconductor is selected fi:om a 
groiq) consistiiig ofi ZnO/ZnS/ZiiSe/ZnTe, CdS/CdSe/CdTe, HgS/HgSe/HgTe, 
BeS/BeSe/BeTe/MgS/MgSe. 

IS 14. The semiconductor of claim 1, wiiereia the semiconductor comprises an alloy 
comprising a combination of two or more Group n-Gtoup VI semiconductors fiom a 
group consistic^ of: ZnO/ZnS/ZnSe/ZnTe, CdS/CdSe/CdTe, HgS/HigSe/HgTe, 
BeS/BeSeiQeTe/MgS/MgSe. 

20 15. The semiconducttn; of daim 1, vdiereinfhe soniconductor comprises an alloy 
comprising a combination ofa Group E-Group VI semiconductors from a group 
consisting of: ZnO/ZnS/ZnSe/ZnTe, CdS/CdSe/CdTe, HgS/HgSe/HgTe, 
BeSyBeSe/BeTeMgS/MgSe and a Group Hi-Group V semiconductors from a group 
consisting of: BN/BP/BAs, AlN/AlP/AlAs/AlSb, GaN/GaP/GaAs/GaSb, 

2S InN/InP/InAs/InSb. 

16. The semicoiiductor of claim l.M^ierein the semiconductor ccmprises a 
Groiip VI semiconductor. 



30 17. The semiconductor ofdaim 16, wfaerdn the semiconductor is selected fiom a 
ffoup consisting of: GeS, OeSe, GeTe, SnS, SnSe, SnTe, FbO, FbS, PbSe, FbTe 
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1 8. The semiconductor of claim 1, wherein the semiconductor comprises a Group I- 
Group Vn semiconductor. 

19. The semiconductor of claim 18. wherein the semiconductor is selected fyom a 
group consisting of: CuF, CuCl, CuBr, Cul, AgF, ^Cl, AgBr, Agl. 

20. The semiconductor of claim 1, vdierein tiie semiconductor comprises a 
semiconductor selected fiom a group consisting o£ BeSiN2, CaCN2, ZnGeP2, CdSnAs2^ 
ZnSnSb2, CuGeP3, CuSi2P3, (Cu, Ag)(Al, Ga, In, Tl, Fe)(S, Se, Te)2, Si3N4, Ge3N4, 
A1203, (Al, Ga, In)2(S, Se, Te)3 and A12C0. 

21 . The semiconductor of claim 1, wherein the semiconductor comprises a p-type 
dopant 

22. The semiconductor of claim 1, wherein the semiconductor comprises an n-type 
dppantfirom. 

23. The semiconductor of claim 1, wherein tiie semiconductor comprises a p-type 
dopant fix)m Group m of the periodic table. 

24. The semiconductor of claim 1, wherein the semiconductor comprises an n-type 
dopant fiom Groiq) Y of the peiiodic table. 

25. The semiconductor of claim 1, wherein the semiconductor comprises a p-type 
dopant selected firom a group consisting of: B, Al and In. 

26. The semiconductor of claim 1 , wherein the semiconductor comprises an n-type 
dopant selected &om a group consisting of: P, As and Sb. 

27. The semiconductor of claim 1, wherein the sraiiconductor comprises a p-type 
dopant from Groiq) n of the pmodic table- 
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28. The semiconductor of claim 27, wherein the p-type dopant is selected from a group 
consistmg of: Mg, Zn, Ql and Hg. 

29. The semiconductor of claim 1 , wherein the semiconductor comprises a p-type 
dopant from Group IV of the periodic table. 

30. The semiconductor of claim 29, wherein the p-1ype dopant is selected from a group 
consisting of: C and Si. 

3 1 . The semiconductor of claim 27, wherein the n-type is selected from a group 
consisting of: Si, Ge, Sn, S, Se and Te. 

32. The semiconductor of claim 1, wherein the smallest width is less than 200 
nanometers. 

33. The semiconductor of claim 1, wherein the smallest width is less than ISO 
nanometers. 

34. The semiconductor of claim 1, wherein the smallest width is less than 100 
nanometers. 

35. The semiconductor of claim 1, wherein the smallest width is less than 80 
nanometers. 

36. The semiconductor of claim 1, wherein the smallest width is less than 70 
nanometers. 

37. The semiconductor of claim 1, wherein the smallest widtiii is less than 60 
nanometers. 



38. The semiconductor of claim 1, wherein the smallest width is less than 40 
nanometers. 
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39. The seiniconductor of claim 1, wherein the smallest width is less than 20 
nanometers. 

40. The SCTdconductorofclaiml, wherein the smaUest width is less than 1^ 
nanometers 

41 . The semiconductor of claim 1^ herein the smallest width is less than 5 
nanometers 

42. The semiconductor of claim 1, wherein the semiconductor is elongated, and the at 
least one portion is a longitudinal section. 

43 . The semiconductor of claim 42, wherein the longitudmal section, a ratio of the 
length of the section to a longest width is greater than 4: 1 . 

44. The semiconductor of claim 42, wherem the longitudinal section, a ratio of the 
length of the section to a longest width is greater than 10:1. 

45. The semiconductor of claim 42, wherein the longitudinal section, a ratio of the 
length of tihe section to a longest width is greater than 100: 1 . 

46. The semiconductor of claim 42, wherein the longitudinal section, a ratio of the 
length of the section to a longest width is greater than 1000:1 . 

47. The semiconductor of claim 1, wherein the semiconductor comprises a single 
ciystaL 

48. The semiconductor of claim 1 , wherein the semiconductor is part of a device. 

49. The semiconductor of claim 1, wherein the semiconductor is n-doped. 

50. The semiconductor of claim 1, wherein the semiconductor is p-doped. 
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51. The semiconductor of claim 1, wherein the semiconductor is magnetic. 

52. The semiconductor of claim 51, iwherein the semiconductor comprises a dopant 
making the semiconductor magnetic. 

5 

53. The semiconductor of claim 51, wherein the semiconductor is fenomagnetic. 

54. The semiconductor of claim 53, wherein the semiconductor comprises a dopant 
that makes the semiconductor fetromagnetic. 

55. The semiconductor of claun 54, wherein the semiconductor comprises manganese. 

56. An elongated and bulk-doped semiconductor that, at any point along its 
longitudinal axis, has a largest cioss-sectional dimension less &an 500 nanometers. 

2S 

57. The SCTiiconductor of claim 56, wherein the semiconductor comprises: 
an interior core comprising a first semiconductor and 

one or more exterior shells exterior to the mterior core, at least one of the exterior 
shells comprising a different material than the first semiconductor. 

20 

58. The semiconductor of claim 56, wherein, at any point along the longitudinal axis 
of the semiconductor, a ratio of the length of the section to a longest width is greater than 
4:1," ' ' " ' " ' " " ' " ' ' 

25 59. The semiconductor of claim 56, wherein, at any point along the longitudinal axis 
of the semiconductor, a ratio of the l^igth of the section to a longest width is greater than 
10:1. 



60. The semiconductor of claim 56, wheidn, at any point along the lon^tudinal axis 
30 of the semiconductor, a ratio of tiiie length of the section to a longest width is greater than 
100:1 
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61. The semiconductor of claim 56, wherein, at any point along the longitudinal axis 
of the semiconductor, a ratio of tiie lenglh of the sisction to a longest vddfh is greater than 
1000:1 

5 62. The semiconductor of claim 56, wherem&e point has a smallest Avidth less than 
200 nanometers. 

63. The semiconductor of claim 56, wherem tihie point has a smallest ^dth less than 
150 nanometers. 

64. The semiconductor of claim 56, wherein the point has a smallest width less than 
100 nanomet^s. . 

65. The semicondxjctor of claim 56, wherein the point has a smallest width less than 
75 80 nanometers. 

66. The semiconductor of claim 56, wherein the point has a smallest width less than 
70 nanometers. 

20 67. The semiconductor of claim 56, vdierein the point has a smallest width less than 
60 nanometers. 

68. : ThesenuconductorofcMm^56;i;^ereinthepointhas'asmaU 
40 nanometers. 

25 

69. The semiconductor of claim 56, wherein flie point has a smallest width less than 
20 nanometers. • 



30 



70. The semiconductor of claim 56, wherein the point has a smallest width less than 
10 nanometers. 
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71 . Ttie semiconductor of claim 56, wherein the point has a smallest width less than 5 
nanometers. 

72. Hie semiconductor of claim 56, wherem the semiconductor comprises a single 
crystal. 

73. The semiconductor of claim 56, wherein the semiconductor is fiee-standing. 

74. The semiconductor of claim 56, wherein the semiconductor is part of a device. 

75. The semiconductor of claim 56, wherein the semiconductor is n-doped. 

76. The semiconductor of claim 56, wh^ein the semiconductor is p-doped. 

77. A doped semiconductor comprising a single oystal. 

78. The semiconductor of claim 77, wherem the semiconductor comprises: 
an interior core comprising a first semiconductor; and 

one or more exterior shells ext^or to the interior core, at least one of the exterior 
shells comprising a different material than the first semiconductor. 

79. The semiconductor of claim 77, wherein the semiconductor is bulk-doped. 

80. The semiconductor of claim 77, wherein the semiconductor is free-standing. 

8 1 . The semiconductor of claim 77, wherein the semiconductor comprises a portion 
having a vAdUx of less than 500 nanometers. 

82. The semiconductor of claim 77, wherein the semiconductor is elongated. 

83. The semiconductor of claun 77, v^erein the semiconductor is part of a device. 
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84. The semicoiiductor of claim 77^ wherein the semiconductor is n-doped. 

85. The semiconductor of claim 77, wherein the semiconductor is p-doped. 

86. A doped semiconductor that was doped during growth of the semiconductor. 

87. The semiconductor of claim 86, wherein the doped semiconductor was grown by 
applying energy to one or more molecules of the semiconductor and one or more 
molecxiles of a dopant. 

88. The semiconductor of claim 86, wherein the doped semiconductor was grown by 
applying energy to one or more molecules of the semiconductor and one or more 
molecules of a dopant 

89. The semiconductor of claim 86, wherein the doped semiconductor was grown by 
applying energy to one or more molecules of the semiconductor and one or more 
molecules of a dopant 

90. The semiconductor of daim 86, wherein the semiconductor is bulk-doped. 

91 . The semiconductor of claim 86, wherein the semiconductor comprises a single 
crystal. 

92. The semiconductor of claim 86, v^erein the semiconductor is fiee-standing. 

93. The semiconductor of claim 86, wherein the semiconductor comprises a portion 
haying a width of less than 500 nanometers. 

94. The semiconductor of claim 86, wherein the semiconductor is elongated. 



95. The seimconductorofclaim 86, wherein the sermcoiuluctor is n-doped. 
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96. The semiconductor of claim 86, v^i^cein the semiconductor is p-doped. 



97. A bulk-doped semiconductor that is at least one of the following: a single crystal, 
an elongated and bulk-doped semiconductor that, at any point along its longitudinal axis, 
S has a largest cross-sectional dimension less than 500 nanometers, and a free-standing and 
bulk-doped semiconductor with at least one portion having a smallest width of less than 
500 nanometers, wherein a phenomena produced by a section of the bulk-doped 
semiconductor exhibits a quantum confinement caused by a dimension of the section. 

10 98. The semiconductor of daim 97, wherein the semiconductor is elongated and the 
dimension is a width at any point along a longitudinal section of the semiconductor. 

99. The semiconductor of claim 98, vdierein the longitudinal section is capable of 
transporting electrical earners without scattering. 

15 

1 00. Hie semiconductor of claim 99, whmin the longitudinal section is capable of 
transportmg electrical carders such iSaat the electrical carriers pass through the longitudinal 
section ballistically. 

20 101. The semiconductor of claim 99, wherein the longitudinal section is enable of 

transporting electrical carriers such that the electrical carriers pass through the longitudinal 
section coherently. 

102. The semiconductor of claim 98, wherein the longitudinal section is capable of 
25 transportmg electrical carriers such that the electrical carriers are spin-polarized. 

103. The semiconductor of claim 102, wherein the longitudinal section is capable of 
transporting electrical carriers such that the spin-polarized electrical carriers pass through 
tiie longitudinal section without losing spin information. 

30 

104. Hie semiconductor of claim 98, wh^:ein the longitudinal section is capable of 
emitting light in response to excitation, wherein a wavelength of the emitted light is 
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105. The semiconductor of claim 99, wherein the wavelength of the emitted light is 
proportional to the widflu 

106. A bulk-doped senuconductor that exhibits coherent ti^^ 

107. A bulk-doped semiconductor that exhibits ballistic transport, 

1 08. A bulk-doped semiconductor that exhibits Luttinger liquid behavior. 

109. A solution comprising one or more doped semiconductors, wherein at least one of 
the senadconductors is at least one of the following: a single crystal, an elongated and bulk- 
doped semiconductor that, at any point along its longitudinal axis, has a largest cross- 
sectional dimension less than 500 nanometers, and a free-standing and bulk-doped 
sendconductor with at least one portion having a smallest width of less than 500 
nanometers. 

1 10. A device comprising at least one doped semiconductor, wlierein the at least one 
doped semiconductor is at least one of the following: a single oystal, an elongated and 
bulk-doped semiconductor that, at any point along its longitudinal axis, has a largest cross- 
sectional dimension less than 500 nanometers, and a fiee-standir^ and bulk-doped 
semiconductor with at least one portion having a smallest width of less tiian 500 - 
nanometers. 

1 1 1 . The device of claim 1 10, wherein the device comprises at least two doped 
semiconductors, wherem both of the at least two doped semiconductors is at least one of 
the following: a single crystal, an elongated and bulk-doped semiconductor that, at any 
point along its longitudinal axis, has a largest cross-sectional dimension less than 500 
nanometers, and a firee-standing and bulk-doped semiconductor with at least one portion 
having a smallest width of less than 500 nanometers, and wherein a first of tiie at least two 
doped semiconductors exhibits quantum confinement and a second of the at least two 
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doped semiconductor manipulates the quaotum confinement of the IGist 



1 12. The device of claun 1 10, wherein the device comprises at least two doped 
semiconductor, wherein both of the at least two doped semiconductors is at least one of 
5 the following: a single crystal, an elongated and bulk-doped siemiconductor that, at any 
point along its longitudinal axis, has a largest cross-sectional dimension less than 500 
nanometers, and a free-standing and bulk-doped semiconductor with at least one portion 
having a smallest width of less than SOO nanometers. 

10 113. The device of claim 111, wherein the at least two bulk-doped sendconductors are 
in physical contact with each other. 

1 14. The device of claim 113, wherein a first of the at least two bulk-doped 
semiconductors is of a first conductivity type, and a second of the at least two bulk-doped 

75 semiconductors is of a second conductivity type. 

1 15. The device of claim 1 14, wherein the first conductivity type is n-type, and the 
second type of conductivity type is p-type. 

20 116. The device of claim 115, wherein the at least two bulk-doped semiconductors form 
a p-n junction. 

117. The device of claim 1 1 0, wherein ithe at least one semiconductor is free-standing. 

25 118. The device of claim 110, wherem the at least one semiconductor is elongated. 

119. The device of claim 110, wherein ^ at least one semiconductor comprises a 
single crystal. 

30 120. Hie device of claim 110, wherein the at least one semiconductor comprises: 
an interior core comprising a first semiconductor; and 
an exterior shell comprising a different material than the first semiconductor. 
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121. The device of claim 110, wherein the device comprises a switch. 

122. TTiedeviceofclaim 110, wherein (he device comprises a diode. 

123. The device of claim 1 10, wherein the device comprises a Light-Emitting Diode. 

124. The device of claim 110, whecem the device comprises a tunnel diode. 

125. The device of claim 1 10, wherein the device comprises a Schottky diode. 

126. The device of claim 125, wherein the transistor comprises a Bipolar Junction 
Transistor. 

127. The device of claim 125, wherein the transistor comprises a Field Effect 
Transistor. 

128. The device of claim 1 10, whraein the device comprises an inverter. 

129. The device of claim 128, wherein the inverter is a complimentary inverter. 

130. The device of claim 110, wherein the device comprises an optical sensor. 

131. Thedi^ceofclaim 110, herein the devicd-conq)rises a sensor for an an^ - - 

1 32. The device of claim 110, wherein the analyte is a DNA. 

133. The device of claim 1 10, whmin the device comprises a memory device. 

134. The device of claim 1 33, wherein the memory device is a dynamic memory device. 

135. The device of claim 133, wherein the memory device is a static memory device. 
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136. The device of claim 1 10, herein the device comprises a laser. 

137. The device of claim 110, wherein the device comprises a logic gate. 
5 138. The device of claim 137, \^erem the logic gate is an AND gate. 

139. Thedeviceof claim 137, wherein the logic gate is a NAND gate. 

140. The device of claim 137, wherein the logic gate is an EXCLUSIVE-AND gate. 

10 

141 . The device of claim 137, wherein the logic gate is a OR gate. 

142. The device ofclaim 137, wherein the logic gate is aNOR gate. 

15 143. The device of claim 137, wherein the logic gate is an EXCLUSIVE-OR gate. 

144. The device of claim 110, wh^ein the device comprises a latch. 

145. The device of claim 110, wherem the device compises a register. 

20 

146. The device of claim 110, wherein the device comprises clock circuitry. 
147 the device of claim 110, whei^m the device comp array. 

25 148. The device of claim 110, wherein the device comprises a state machine. 

149. The device of daim 110, wherein the device comprises a programmable circuit 

150. The device ofclaim 110, v^erein the device comprises an amplifier. 

30 

151. The device ofclaim 110, wherem the device comprises a transformer. 
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152. The device of claim 1 10, vAnaxbi flie device comprises a signal processor. 

153. The device of claim 1 10, viierein the device comprises a digiial circuit 

154. The device ofdaiml 10, wha«in1iie device comprises aa analog dicuit 

155. The device of daim 1 10, wherein the device comprises a light emission source. 

156. The device of claim 155, wherein Ihe light emission source emits light at a higher 
fiequency than would the semiconductor if the semiconductor had a shortest width greater 
than the shortest width at any portion of the semiconductor. 

157. The device of claim 1 10, yAjsi&a the device comprises a photoluminescent device. 

15 158. The device of claim 1 10, wherein tiie device comprises an electroluminescent 
device. 

159. The device of daim 110, wherein the device comprises a rectifier. 
20 160. The device of claim 110, vibsxan the device comprises a photodiode. 

161. The device ofclaim 110, wherein Ihe device comprises a p-n solar ceE 

162. The device of claim 110, v^ierem tihe device conqnises a phototransistor. 

163. The device of claim 1 10, wherein the device comprises a single-electron transistor. 

164. He device of claim 1 10, wherem the device comprises a single photon emitter. 

165. The device of claim 1 10, wherem the device comprises a single photon detector. 

166. Thedevice of daun 1 10, v^ierem the device comprises a spmtronic device. 
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167. The device of claim 110, vAnsr^m the device comprises an ultra-sharp tip for 
atomic force microscope. 

168. The device of claim 1 10, ^erdn the device comprises a scaxuung ttmneUng 
5 microscope. 

169. The device of claim, wherein the device comprises a field emission device 

170. The device of claim, wherein the device comprises a photoluminescence tag 

JO 

171. The device of claim, wherein the device comprises a photovoltaic device 

172. The device of claim, wherein the device comprises photonic band gap materials 

15 173. The device of claim 110, wherein the device comprises a scanning near field 
optical microscope tips. 

174. The device of claim 1 10, wherein the device comprises a circuit that has digital and 
analog components. 

20 

1 75. The device of claim 1 10, wherein the device comprises ano&er semiconductor that 
is electrically coupled to the at least one bulk-doped semiconductor. 

176. The device of claim 175, wherein the other semiconductor is a bulk-doped 

25 semiconductor comprising at least one portion having a smallest width of less than 500 
nanometers. 

1 77. The device of claim 110, wherein the device comprises another semiconductor that 
is optically coupled to the at least one bulk-doped semiconductor. 

30 

178. The device of claim 177, vAierein the othw semiconductor is a bulk-doped 
semiconductor comprising at least one portion having a smallest width of less than 500 
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joanometers. 

1 79. The device of claim 1 10, wherein the device comprises another semiconductor that 
is magnetically coupled to the at least one bulk-doped semiconductor, 

180. The device of claim 179, wherein the other semiconductor is abulk-doped 
semiconductor comprising at least one portion having a smallest width of less than 500 
nanometers. 

181. The device of claim 110, wherein the device comprises another semiconductor that 
physically contacts the at least one bulk-doped semiconductor. 

1 82. The device of claim 1 79, wherein the other semiconductor is at least one of the 
following: a single crystal, an elongated and bulk-doped semiconductor that, at any point 
along its longitudinal axis, has a largest cross-sectional dimension less than 500 
nanometers, and a free-standing and bulk-doped semiconductor with at least one portion 
having a smallest width of less than 500 nanontieters. 

183. The device of claim 1 10, v^^rein the at least one semiconductor is coupled to an 
electrical contact 

1 84. The device of claim 110, wherein the at least one semiconductor is coupled to an 
optical contact , . ... 

185. The device of claim 110, wherein the at least one semiconductor is coupled to a 
magnetic contact 

186. The device of claim 110, wherem a conductivity of tiie at least one semiconductor 
is controllable in response to a signal. 

1 87. The device of claim 1 86, wherein the conductivity of the at least one 
semiconductor is controllable to have any value within a range of values. 
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1 88. The device of claim 1 86, ^^dierein the at least one senuconductor is switdbable 
between two or more states. 

1 89. The device of claim 188, v^erein the at least one semiconductor is switchable 
between a conducting state and an insulating state by the signal. 

190. The device of claim 188, wherein two or more states of the at least one 
semiconductor are maintainable without an applied signal. 

191 . The device of claim 186, wherein the conductivity of the at least one 
semiconductor is controllable in response to an electtical signal. 

192. The device of claim 186, wherein the conductivity of the at least one 
semiconductor is controllable in response to an optical signal. 

193. The device of claim 186, wherein the conductivity of the at least one 
semiconductor is controllable in response to a magnetic signal. 

1 94. A device of claim 1 86, wherein the conductivity of the at least one semiconductor 
is controllable in response to a signal of a gate temiinal. 

195. The device of claim 1 94, wherein the gate terminal is not in physical contact with 
the at least one semiconductor. 

196. The device of claim 110, wherein at least two of the semiconductors form an array, 
and at least one of the semiconductors in the army is at least one of the following: a single 
crystal, an elongated and bulk<-doped semiconductor that, at any point along its 
longitudinal axis, has a largest at)ss-sectional dimension less than SOO nanomet^, and a 
free-standing and bulk-doped semiconductor with at least one portion having a smallest 
width of less than 500 nanometers. 



197. The device of daim 196, wherein the array is an ordered array. 
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. 198. The device ofclaim 196, wherein said array is ootan ordered array. 

199. The device of claim 1 1 0, wherein the device comprises two or more separate and 
intercozmected circuits, at least one of the circuits not comprising a doped semiconductor 
that is at least one of the Mowing: a single crystal, an elongated and bulk-doped 
semiconductor that^ at any point along its longitudinal axis, has a largest cross-sectional 
dimension less than 500 nanometers, and a free-standing and bulk-doped semiconductor 
with at least one portion having a smallest width of less than 500 nanometers. 

200. The device of claim 110, wherein the device is embodied on a chip having one or 
morepinouts 

201 . The device of claim 200, wherein the chip comprises separate and interconnected 
circuits, at least one of the circuits not comprising a doped semiconductor that is at least 
one of the following: a single crystal, an elongated and bulk-doped semiconductor that, at 
any point along its longitudinal axis, has a largest cross-sectional dimension less than 500 
nanometers, and a firee-standing and bulk-doped semiconductor with at least one portion 
having a smallest width of less than 500 nanomet^. 

202. A collection of reagents for growing a doped semiconductor tiiat will be at least 
one of the following: a single crystal, an elongated and bulk-doped semiconductor tiiat, at 
any point alou^ its longitudinal axis, has a largest (nx)ss-sectional dimension less than 500 
nanometers, and a firee-standing and bulk-doped semiconductor with at least one portion^ - 
having a smallest width of less than 500 nanometers that comprises at least one portion 
having a smallest width of less than 500 nanometers, 

wherein the collection comprises a semiconductor reagent and a dopant reagent. 

203. A method of growing a semiconductor, the method comprising an act of: 
(A) doping the semiconductor during growth of the semiconductor. 

204. The method of claim 203, wherein the grown semiconductor is a doped 
semiconductor that is at least one of the following: a single crystal, an elongated and bxilk- 
doped semiconductor that, at any point along its longitudinal axis, has a largest cross- 
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sectional dimension less than 500 nanometers, and a fiee-standing and bulk-doped 
semiconductor with at least one portion having a smallest width of less than 500 
nanometers. 

J 205. The method of claim 203, further comprising an act of: 

(B) adding one or more other materials to a sur&ce of the doped 
semiconductor. 

206. The method of claim 205, wherein act (B) comprises forming a shell around the 
10 doped semiconductor. 

207. The method of clahn 203, wherein act (A) comprises: 
controlling an extent of tiie doping. 

15 208. The method of claim 203, wherein act (A) comprises growing the doped 
semiconductor by applying energy to a collection of molecules, the collection of 
molecules comprising molecules of the semiconductor and molecules of a dopant. 

209. The method of claim 208, wherein act (A) comprises an act of: 
20 controlling an extent of the doping. 

210. The metiiod of claim 209, wherein the act of controlling doping comprises 
controlling a ratio of an amount of the semiconductor molecules to an amount of the 
dopant molecules. 

25 

211. The method ofclaim 209, wherem act (A) further comprises: 
vaporizing the molecules using a laser to fonn vaporized molecules. 

212. The method of claim 211, i«dierein act (A) fiirfher comprises: 
30 growing the semiconductor fiom the vaporized molecules. 
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213. 



the method of claim 21 1, wherein act (A) further comprises: 
cond^iug the vaporized molecules into a liquid cluster. 



214. 



The method of claim 212, wherein act (A) further comprises: 
growing the semiconductor fix)m the liquid cluster. 



5 



215. The method of claim 21 1, wherein act (A) is peifonned using laser-assisted 
catalytic growth. 

20 216. The method of claim 208, wherein the collection of molecules comprises a cluster 
of molecules of a catalyst material. 

217. The method of claim 216, wherein act (A) comprises: 
controlling a wid& of the semiconductor. 

218. The method of claim 217, wherein controlling the width of the semiconductor 
comprises: 

controlling a width of the catalyst cluster. 

219. The method of claim 203, vihstsm act (A) further contprises: 
perfonxiing chemical vapor deposition on at least tiie molecules. 

220. The method of <^laim-203,-^erem the grown s^conductor has at least one 

portion having a smallest width of less than 20 nanometers. 

221. The method of claim 220, wherein the grown semiconductor has at least one 
portion having a smallest width of less than 10 nanometers. 

222. The method of claim 220, wherein the grown semiconductor has at least one 
portion having a smallest width of less than 5 nanometers. 

223 . The method of claim 203, wherein the grown semiconductor is magnetic. 
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224. Themdliodofclaim223,wheremact(A)compris^^^^ 

doping the semiconductor wifh a material that makes the grown semicondiictor 
magnetic. 

225. The method of claim 203, wherein the grown semiconductor is ferromagnetic. 

226. The method of claim 225, act (A) comprises: 

doping the senaiconductor with a material that makes the grown semiconductor 
ferromagnetic. 

227. The method of claim 226, wherein act (A) comprises: 
doping the semiconductor with manganese. 

228. Amethodoffabricatingadevice,coiiq)risinganactof: 

(A) contacting one or more semiconductors to a sur&ce, wherein at least one of the 
semiconductors is at least one of the following: a single crystal, an elongated and bulk- 
doped semiconductor that, at any point along its longitudinal axis, has a largest cross- 
sectional dimension less than 500 nanometers, and a free-standing and bulk-doped 
semiconductor with at least one portion having a smallest width of less than 500 
nanometers. 

229. The method of claim 228, wherein the surface is a substrate. 

230. The method of claim 228, further comprising an act of: 

(B) prior to act (A), growing at least one of the semiconductors by applying energy 
to molecules of a semiconductor and molecules of a dopant 

23 1 . The metiiod of claim 228, wherein act (A) comprises: 

contacting a solution comprising tiie one or more semiconductors to the sur&ce. 

232. The method of claim 231, further comprising: 

(B) aligning one or more of the s^conductors on the surface using an electric 
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field. 

233. Ilie method ofdaim 232, wherein act (B)compri^ 
generating an electric field between at least two electrodes; and 

5 positioning one or more of the semiconductors between the electrodes. 

234. Hie method of claim 23 1, further comprising an act of: 

(B) repeating act (A) wifli another solution comprisfaig one or more other 
semiconductors, wherein at least one of the other semiconductor is at least one of the 
10 following: a single crystal, an elongated and bulk-doped semiconductor fliat, at any point 
along its longitudinal axis, has a largest cross-sectional dimension less than 500 
nanometers, and a free-standing and bulk-doped semiconductor with at least one portion 
having a smallest width of less than 500 nanometers. 

15 235. The method of claim 228, further comprising an act of: 

(B) conditioning the sur&ce to attach the one or more contacted 
semiconductors to the surface. 

236. The method ofclaim 235, wherein act (B) comprises: 
20 forming channels on Resurface. 



237. The method ofclaim 235, wherein act (B) comprises: 
patterning the surface. — - 



25 238. The mefliod ofclaim 228, fiirther comprising: 

(B) aligning one or more of tiie semiconductors on the sur&ce using an electric 

field. 



30 



239. 



The method ofclaim 238, wherein act (B) comprises: 
generating an electric field between at least two electrodes; and 
positiordng one or more of the semiconductors between the electrodes. 
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240. A me&od of generating light, comprising an act of: 

(A) ^plying energy to one or more semiconductors causing the one or more 
semiconductors to emit light, wherein at least one of the semiconductors is at least one of 
the following: a single crystal, an elongated and bulk-doped semiconductor fliat, at any 
5 point along its longitudinal axis, has a largest cross-sectional dimension less than 500 
nanometers, and a free-standing and bulk-doped semiconductor with at least one portion 
having a smallest width of less than 500 nanometers. 

241 . The method of claim 240, wherein the semiconductor comprises a direct-band-gap 
10 semiconductor. 

242. The me&od of claim 240, wherein act (A) comprises applying a voltage across a 
junction of two crossed semiconductors, each seimconductor having a smallest width of 
less than 500 nanomet^. 

15 

243. The method of claun 242, wherein each semiconductor has a smallest width of less 
than 100 nanometers 

244. The method of claim 240, further comprising an act of: 

20 (B) controlling a wavelength of the emitted light by controlling a dimension of 

the at least one semiconductor having a smallest width of less than 100 nanometers. 

245 . The method of claim 244, wherein Ihe semiconductor is elongated, and act (B) 
comprises: 

25 controlling a width of the elongated semiconductor. 

246. The mefliod of claim 244, wherem: 

the semiconductor has a property that a mass of the semiconductor emits light at a 
first wavelengtih if the mass has a iri^™""^ shortest dimCTsion, and 
30 the cnntml^ftH Himengim i nf the semiconductor is less than the minimum shortest 

dimension. 
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247. A method of fehricating a device having a doped semiconductor component and 
one or more other components, the method comprising acts of: 

(A) doping a semiconductor during its growth to produce the doped semiconductor 
component; and 

(B) attaching the doped semiconductor component to at least one of the one or 
more other components. 

248. The method of claim 247, iTdierem the doped semiconductor component is at least 
one of the following: a single crystal, an elongated and hulk-doped semiconductor that, at 
any point along its longitudinal axis, has a largest cross-sectipnal dimension less than 500 
nanometers, and a free-standing and bulk-doped semiconductor with at least one portion 
having a smallest width of less than 500 nanometers. 

249. 

250. A process for controllably assembling a semiconductor device having elongated 
elements with a characteristic dimension in a transverse direction of the element on a 
nanometer scale, comprising: 

producing at least one first elements of a first doping type, 
orienting said first element in a first direction, and 

connecting said first element to at least one first contact to allow an electrical current 
to flow through the first elemrat 

251. The process ofclaim 250, further comprising: 
producing at least one second element of a second dopmg type, 

orienting said second element in a second direction different &om the first direction, 
enabling an electrical contact between the first element and the second element, and 
cormectmg said second element to at least one second coiitact to allow an electrical 
current to flow between the first and second element 



252. The process of claim 251, wherein the second doping type is n-type if the first 
doping type is p-type, and p-type if the first doping type is n-type. 
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253. The process of claim 251, wherein the second element is oriented by applying at 
least one of an electric field or a flnid flow. 

254. The process of claim 250, further comprising: 

5 connecting said first element to ^aced-apart contacts and arranging a gate electrode 
proximate to the first element between the spaced-apart contacts, thereby forming an FET. 

255. The process of claun 250, wherein the semiconductor device is made of a material 
selected firom the group consisting of Si, Ge, Sn, Se, Te, B, Diamond, P, B-C, B-P(BP6), 

10 B-Si, Si-C, Si-Ge, Si-Sn and Ge-Sn, SiC, BN/BP/BAs, AIN/AlP/AlAs/AlSb, 
GaN/GaP/GaAs/GaSb, InN/InP/InAs/InSb, BN/BP/BAs, AlN/AlP/AlAs/AlSb, 
GaN/GaP/GaAs/GaSb, IriN/InP/InAs/InSb, ZnO/ZnS/ZnSe/ZnTe, CdS/CdSe/CdTe, 
HgS/HgSe/HgTe, BeS/BeSe/BeTe/MgS/MgSe, GeS, GeSe, GeTe, SnS, SnSe, SnTe, PbO, 
PbS, PbSe, PbTe, CuF, CuCl, CuBr, Cul, AgF, AgCl, AgBr, Agl, BeSiN2, CaCN2, 

75 ZnGeP2, CdSnAs2, ZnSnSb2, CuGePS, CuSi2P3, (Cu, Ag)(Ai, Ga, In, Tl, Fe)(S, Se, 
Te)2, Si3N4, Ge3N4, A1203, (Al, Ga, In)2(S, Se, Te)3, and A12C0. 

256. The process of claim 250, wherein the first dopiog type is one of n-type or p-lype. 

20 257. The process of claim 250, whereui the first element is oriented by applymg at least 
one of an electric field or a fluid flow. 

2587 The process of claim 257, wherein y^^^^ 

25 259. The process of claim 250, wherem the first element is oriented by applying a 
mechanical tool. 

260. The process ofclaim 250, wherein the second element is suspended m the fluid 
flow. 

30 

261. The process of claim 250, wherem the second element is oriented by applying a 
mechanical tool. 
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262. A semiconductor device, comprising 

a silicon substrate having an array of metal contacts 

a crossbar switch element formed in electrical communication with the array and 
having a fcst bar fonned of a ihtype semiconductor nanowire 
5 a second bar formed of an n-type semiconductor nanowire and being spaced away 
fiom the first bar and being disposed transversely hereto. 

263. Asemideviceofclaim262, wherein the second bar is spaces between 1-10 nm 
firom the first bar. 

10 

264. A method for manufacturing a nanowire semiconductor device comprising 
positioning a first nanowire between two contact points by applying a potential between 
the contact points; positioning a second nanowire between two other contact points. 

15 265. A method for manufacturing a nanowire semiconductor device comprising forming 
a sur&ce with one or more regions that selectively attract nanowires. 

266. A method for manu&cturing a lightremittmg diode fi:om nanowires, the diode 
having an emission wavelength determined by a dimension of a p-n junction between two 

20 doped nanowires. 

267. A niethod for manufacturing a semiconductorjunction by crossing a 1^ 
nanowire and an n-type nanowire. . 

25 268. A method of assembling one or more elongated structures on a surface, the method 
comprising acts of: 

(A) flowing a fluid that comprises the one or more elongated structures onto the 
sur&ce; and 

(B) aligning the one or more elongated structures on the surface to form an array of 
30 the elongated structures. 

269. Hie method of claim 268, wherein act (A) comprises flowing the fluid m a first 
direction and act (B) comprises aligning the one or more elongated structures as the fluid 
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flows in the first direction to fonn a first layer of arrayed structures, and wherein the 
method fiirther compiises: 

(C) changing a direction of the flow from fhe first direction to a second direction; 

and 

5 (D) repeating acts (A) and (B) in the second direction to form a second layer of 

arrayed structures. 

270. The method of claim 269, comprising repeating acts (C)and (D) one or more times. 

10 271 . The method of claim 269, wherein at least a first elongated structure ftom the first 
layer contacts at least a second elongated structure fiom the second array. 

272. The method of claim 271, wherein one of tiie first and second elongated structures 
is doped semiconductor of a first conductivity type and another of first and second 

15 elongated structures is doped semiconductor of a second conductivity type. 

273. The method of claim 272, wherein the first conductivity type is p-type and the 
second conductivity type is n-type, and wherein the first and second elongated structures 
form a p-n junctioiL 

20 

274. The method of claim 268; wherein the surface is a surface of a substrate. 

275. The method of claim 274, wherem flie method further comprises: 

(C) transferring the array of elongated structures fi'om the surface of the substrate 
25 to a surface of another substrate. 



276. The method ofclaim 275, wherein act (C) comprises stamping. 

277. The method of claun 268, wherein the one or more elongated structured are 
30 aligned onto the sur&ce while still comprised in the fluid. 

278. The method of claim 268, wherem the method fiirther comprises: 

(C) conditioning the sur&ce with one or more fimctionalities that attract the one or 
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more elongated structures to particular positions on the surface, 

viira:€in act (B) comprises attracting the one or more elongated structures to the 
particular positions using the one or more functionalities. 

The method of claim 278, wherein act (C) comprises: 
conditioning the sur&ce with one or more molecules.. 

The method of claim 278, wherein act (C) comprises: 
conditioning the sur&ce with one or more charges. 

The method of claim 278, wherein act (C) comprises: 
conditioning the. sur&ce with one or more magnetos. 

The method of claim 278, wherein act (C) comprises: 
conditioning the sur&ce with one or more light intensities. 

The method of claim 278, wherein act (Q comprises: 
conditioning the sui&ce with one or more functionalities that attract the one or 
more elongated structures to particular positions on the sur&ce using ch^nical force. 

20 

284. The method of claim 278, wherein act (C) comprises: 

conditioning the sur&ce with one or more functionalities that attract the one or 
more elongated structures to particular po^ons on the sur&ce using optical force. 

25 285. The method of claim 278, wherein act (C) comprises: 

conditioning the surfece with one or more functionalities that attract the one or 
more elongated structures to particular positions on the surface using electrostatic force. 
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286. The method of claim 278, wherein act (C) comprises: 

conditioning the surfece with one or more functionalities that attract the one or 
more elongated structures to particular positions on the sur&ce using magnetic force. 
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287. The method of claim 268, v/heiein the method fUrther comprises: 

(C) patterning the surface to receive the one or more elongated structures at 
particular positions on the sui&ce. 

5 288. The method of claim 287, wherein act (C) comprises: 
creating physical patterns on the sur&ce. 

289. The method of claitn 288, wherein the physical patterns are trenches. 

10 290. The method of claim 288, wherein the physical patterns are steps. 

291 . Hie method of claim 288, wherein the sur&ce is a sur&ce of a substrate, and 
herein creating physical patterns on the sur&ce comprises: 

using crystal lattice stq)s of the substrate. 

15 

292. The method of claim 288, wherein the surface is a sur&ce of a substrate, and 
wharein creating physical pattellas on the surface con^rises: 

using self-assembled di-block polymer strips. 

20 293. The method ofdaim 288, wherein creating physical patterns on the sur&ce 
comprises: 

using patterns. 

294. The method of claim 293, wherein creating physical patterns on the surface 
25 comprises: 

using imprinted patterns. 

295. The method of claim 268, wherdn act (A) comprises controlling the flow of the 
fluid using a channeL 



30 



296. The me&od of claim 268, v^berem at least one of the elongated structures are 
semiconductors. 
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297. The mefhod of claim 268, wherein at least one of ihe elongated structures are 
doped semiconductors. 

298. The method of claim 297^ wherein at least one of the elongated structures are hulk- 
5 doped semiconductors. 

299. The method of claim 268, wherem at least one of the structures is a doped single- 
crystal semiconductor, 

10 300, The method of claim 268, wherein at least one of the structures is an elongated and 
bulk-doped semiconductor that, at any point along its longitudinal axis, has a largest cross- 
sectional dimension less ttian 500 nanometers. 

301 . The method of claim 268, wherein at least one of the structures is a free-standi n g 
15 and bulk-doped semiconductor with at least one portion having a smallest width of less 

than 500 nanometers. 

302. The method of claim 268, wherem at least one of the structures is a doped 
semiconductor that is at least one of the following: a single crystal, an elongated and bulk- 
ed doped semiconductor that, at any point along its longitudinal axis, has a largest cross- 
sectional dimension less than 500 nanometers, and a fiee-standiug and bulk-doped 
semiconductor with at least one portion having a smallest width of less than 500 

■' nanometers. ' ■^-^ ^ . 

25 303. The method of claim 302, A?^dierem the doped semiconductor comprises a 

semiconductor selected from a groiQ) consisting of: Si, Ge, Sn, Se, Te, B, Diamond, P, B- 
C, B-P(BP6), B-Si, Si-C, Si-Ge, Si-Sn and Ge-Sn, SiC, BN/BP/BAs, AIN/AlP/AlAs/AlSb, 
GaN/GaP/GaAs/GaSb, IhN/InP/InAs/^ 

GaN/GaP/GaAs/GaSb, InN/InP/hiAs/InSb, ZnO/ZnS/ZnSe/ZnTe, CdS/CdSe/CdTe, 
30 HgS/HgSe/HgTe, BeS/BeSe/BeTe/MgS/MgSe, GeS, GeSe, GeTe, SnS, SnSe, SnTe, PbO, 
PbS, PbSe, PbTe, CuF, CuCl, CuBr, Cul, AgF, AgCl, AgBr, Agl, BeSiN2, CaC3^2, 
ZnGeP2, CdSnAs2, ZnSnSb2, CuGeP3, CuSi2P3, (Cu, Ag)(Al, Ga, In, Tl, Fe)(S, Se, 
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Te)2, Si3N4, Ge3N4, A1203, (Al, Ga, In)2(S, Se, Te)3, A12C0- 



304. The method of claim 302, wherein the doped semiconductor comprises a dopant 
selected from a group consisting of:: a p-type dopant from Group HI of the periodic table; 
an n-type dopant from Group V of the periodic table; a p-type dopant selected from a 
group consisting of: B, Al and In; an n-lype dopant selected from a group consisting of: P, 
As and Sb; a p-type dopant from Group n of the periodic table; a p-type dopant selected 
from a group consisting of: Mg, Zn, Cd and Hg; a p-type dopant from Group IV of the 
periodic table; a p-type dopant selected from a group consistmg ofi C and Si.; and an n- 
type is selected from a gcovp consisting of: Si, Ge, Sn, S, Se and Te. 

305. The method of claim 302, wherein the doped semiconductor is doped during 
growth of the semiconductor. 

306. A method of assembling one or more elongated structures on a surface, ^erem 
one or more of the elongated structures are at least one of the following: a single ciystal, 
an elongated and bulk-doped semiconductor that, at any pomt along its longitudinal axis, 
has a largest cross-sectional dimension less than 500 nanometers, and a free-standing and 
bulk-doped semiconductor with at least one portion having a smallest width of less than 
500 nanometers, and whmin the melhod comprises acts of: 

(A) conditioning the surface with one or more functionalities that attract the one or 
more elongated structures to particular positions on the surface, and 

(B) aligning the one or more elongated structures by attracting the one orlnore " ^ ^ 
elongated structures to the particular positions using the one or more functionalities. 

307. Hie method of claim 306, wherein act (A) comprises: 
conditioning the surface with one or more molecules.. 

308. The method of claim 306, whereui act (A) comprises: 
conditioning the sur&ce with one or more charges. 



10 
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309. Themefliodofclaim306,vtoemact(A)conip^ 
conditLoning the sui£ice wilh one or more magnetos. 

310. TTie method ofclaim 306, -(jrfierein act (A) comp^ 
conditioning the suifere with one or more Ught intensities. 

311. Tlie method of claim 306, wherein act (A) comprises: 
conditioning the surface with one or more functionalities that attract the one or 

more elongated structures to particular positions on the suirfece using chemical force. 

312. The method ofclaim 306, wherein act (A) comprises: 

conditioning tiie sur&ce with one or more functionalities that attract the one or 
more elongated structures to particular positions on the surfece using optical force. 

15 313. The me&od of daim 306, wherein act (A) comprise: 

conditioning tiie surfece wifli one or more functionalities that attract the one or 
more elongated structures to particular positions on the surfece using electrostatic force. 

314. The method ofdaim 306, wherein act (A) conctprises: 
20 conditioning tiie surfece with one or more fimctionalitiesfliat attract flie one or 

more elongated structures to particular positions on tiie surfece using magnetic force. 

- 315. A mefliod of assembling apluraUly of elongated-stnictures on a surfece, wherein - 

one or more of tiie elongated structures are at least one of the following: a single crystal, 

25 an elongated and bulk-doped semiconductor tiiat, at any pouxt along its longitudinal axis, 
has a largest cross-sectional dimension less than 500 nanometers, and a firee-standmg and 
bulk-doped semiconductor witii at least one portion having a smallest widlh of less tiian 
500 nanometers, and vy^erem the mefliod comprises acts of: • 

(A) depositing tiie plurality of elongated structures onto tiie surfece; and 

30 (B) electrically chargmg tiie surfece to produce electrostatic forces between two or 

more of the plurality of the elongated structures. 
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316. Themediod of claim 315, wherein the electrostatic forces cause the two or more 
elongated structures to align themselves. 

317. The me&od of claim 3 16, wlierein the electrostatic forces cause the two or more 
5 elongated structures to align theznselves into one or more patterns. 

318. The method of claim 317, wherein the one or more patterns comprise a parallel 
array. 

10 319. A method of assembling a plurality of elongated structures on a surface, wherein 
one or more of the elongated structures are at least one of the following: a single crystal, 
an elongated and bulk-doped semiconductor that, at any point along its longitudinal axis, 
has a largest cross-sectional dimension less than 500 nanometers, and a free-standing and 
bulk-doped semiconductor with at least one portion having a smallest width of less than 

15 500 nanometers, and wherein the method con^)rises acts of: 

(A) dispersing the one or more elongated structures on a sur&ce of a liquid phase 
to form a Langmuir-Blodgett film; 

(B) compressmg the Langmuir-Blodgett film; and 

(C) transferring the compressed Langmuir-Blodgett film onto a surfiice 

20 

320. The method of claim 319, wherein Ifae surface id tiie sur&ce of a substrate. 

" 321. A inethod of assembling a pl^^ of one or more eloii^ 

surface, wherein at least one of tiie elongated structures are at least one of the following: a 

2J single crystal, an elongated and bulk-doped semiconductor that, at any point along its 
longitudinal axis, has a largest cross-secdonal dimension less than 500 nanometers, and a 
fi:ee-standing and bulk-doped semiconductor with at least one portion having a smallest 
width of less than 500 nanometers, and wherein the method comprises acts of: 
(A) dispersing the one or more elongated structures in a flexible matrix; 

30 (fi) stretching the flexible matrix in a direction to produce a shear force on the one 

or more elongated structures that causes the at least one elongated structure to align in fiie 
direction; 

(C) removing the flexible matrisq and 
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(D) transferring the at least one aKgned elongated structure to a surfece. 

322. The method of claim 321, wherem the direction is parallel to a plane of the surfece. 

J 323. The method ofclaim 321, wherein act (B) comprises: 

stretching liie flexible matrix with an electrically-induced force. 

324. The method of claim 321, wherein act (B) comprises: 
stretching the flexible matrix with an optically-induced force. 

10 

325. The method of claim 321, wherem act (B) comprises: 
stretching the flexible matrix with a mechanically-induced force. 

326. The method ofclaim 321, wherein act 03) comprises: 

75 stretching the flexible matrix with a magnetically-induced force. 

327. The method ofclaim 321, vdierein the surfece is a surfece of a substrate. 

328. The method of claim 321, wherein the flexible matrix is a polymer. 

20 

329. A system for growing a d<q)edsemicoziductor, the system comprising: 

means for providing a molecules of the semiconductor and molecules of a dopant; 

-^-'-and^--^--^ — - - — ■ 

means for doping the molecules of tiie semiconductor wifli flie molecules of the 
25 dopant during growth of the semiconductor to produce the doped semiconductor. 

330. A system for assembling one or more elongated structures on a surfece, the systOT 
comprising: 

means for flowing a fluid that comprises the one or more elongated structures onto 
30 the surfece; and 

means for aligning the one or more elongated stmctures on the surfece to form an 
array of &e elongated structures. 
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. 33 1 . A system for assembling one or more elongated structures on a surface, wherein 
one or more of the elongated structures are at least one of the following: is at least one of 
the following: a single crystal, an elongated and bulk-doped semiconductor that, at any 
point along its longitudinal axis, has a largest cross-sectional dimension less than SOO 
nanometers, and a free-standing and bulk-doped semiconductor with at least one portion 
having a smallest width of less than 500 nanometers, and wherein the system comprises: 

, means for conditioning the surfece with one or more functionalities that attract the 
one or more elongated structures to particular positions on the surface, and 

means for aligning the one or more elongated structures by attracting the one or 
more elongated structures to the particular positions using the one or more functionalities. 

332. A ^stem for assembling a plurality of elongated structures on a sur&ce, wherein 
one or more of the elongated structures ate at least one of the following: is at least one of 
the following: a single crystal, an elongated and bulk-doped semiconductor &at, at any 
point along its longitudinal axis, has a largest cross-sectional dimension less than SOO 
nanometers, and a free-standing and bulk-doped semiconductor with at least one portion 
having a smallest width of less than SOO nanometers, and wherein the system comprises 

means for depositmg the plurality of elongated structures onto Ihe surface; and 
means for electrically charging the sur&ce to produce electrostatic forces between 
two or more of tiie plurality of the elongated structures. 

333, A system for assembling a plurality of elongated structures on a surfece, wherein 
one or more of the elongated structures are at least one of the following: is at least one of ' 
the following: a single crystal, an elongated and bulk-doped semiconductor that, at any 
point along its longitudinal axis, has a largest cross-sectional dimension less than 500 
nanometers, and a free-standing and bulk-doped semiconductor with at least one portion 
having a smallest width of less than SOO nanometers, and wherein the system comprises: 

means for dispersing the one or more elongated structures on a sur&ce of a liquid 
phase to form a Langmuir-Blodgett fihn; 

means for compressing the Langmuir-Blodgett film; and 

means for transferring tiie compressed Langmuir-Blodgett film onto a surfece 
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334. A system for assembling a plurality of one or more elongated structures on a 
surface, wherem at least one of the elongated structures are at least one of the folio-wing: a 
single crystal, an elongated and bulk-doped semiconductor that, at any point along its 
longitudinal axis, has a largest cross-sectional dimension less than 500 nanometers, and a 
5 fTftfl-{g t?Ti^^^ g ai^d hiillc-Hnpefl Remiconductor with at least one portion having a smallest 
width of less than 500 nanometers, and wherein the system comprises: 

means for dispming the one or more elongated stmctures in a flexiUe m^^ 
means for stretching the flexible matrix in a direction to produce a shear force on 
the one or more elongated structures that causes the at least one elongated structure to 
10 align in the direction; 

means for removing the flexible matrix; and 

means for transferring the at least one aligned elongated structure to a surface. 
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